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 Low-dimensional Transition metal dichalcogenides (TMDs) have received 
extensive attention as candidates for a variety of applications such as catalysis, 
optoelectronics, next generation memory and quantum information technology. 
The majority of research of low-dimensional TMDs has centered on two-
dimensional variants. However, by exploiting substrate – material interactions 
we have developed novel strategies to control the morphology of TMD materials. 
 Herein we demonstrate the ability to selectively tune substrate – material 
interactions to produce a further confinement in the growth of two-dimensional 
TMDs into confined quasi one-dimensional nanoribbons. We manipulate the 
growth surface prior to any growth by utilizing PH3 gas to promote the 
anisotropic bottom-up growth of these materials. We found that this new surface 
was tunable and influenced the morphology of the nanoribbons. The nanoribbon 
width, a key physical characteristic, was manipulated within an order of 
magnitude by modulating the novel designer surface. Further, these materials 
demonstrated anomalous optical properties due to their confinement in an 
additional dimension when compared to their two-dimensional counterparts. 
These crystals also exhibited high edge fidelity and low defect densities. The 
material composition was also varied successfully demonstrating the general 
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applicability of tuning substrate – crystal interactions to direct confined growth 
of material.  
 We also found that modulation of the growth parameters can significantly 
couple with the underlying designer substrate in ways traditional growth 
substrates cannot. We explored the morphological dependance on growth 
parameters such as carrier gas flow and composition. The novel labile surfaces 
employed by our group are sensitive to their reaction environment, allowing the 
further manipulation of material morphology and therefore properties based on 
these parameters. This new growth method also showed the ability to selectively 
disrupt the crystal growth during synthesis of these nanoribbons to achieve 
desirable widths. This method shows promise for approaching technologically 
relevant material dimensionality in TMD nanoribbons. 
 This work offers a unique approach to bottom-up TMD synthesis. By 
combining gas phase surface reactions with traditional materials science and 
chemistry routes, we have shown the ability to produce technologically relevant 
materials that can push the limits of confinement effects in TMD crystals. 
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Chapter 1: Introduction to Low-Dimensional Materials 
1.1 Introduction to 2D Materials 
Nanoscale materials have revealed a plethora of emergent catalytic, 
optical, biological and electronic phenomena and have become ubiquitous in 
these fields.1–6 There exists an increasing need in the fields of catalysis, opto-
electronics, and quantum computing that nanoscale materials can fill thanks to 
their myriad dimensionally-based phenomena. Particularly, 2D materials 
represent a growing class of materials that have permeated every area of science. 
The canonical 2D material, graphene, was exfoliated from graphite in 2004.7 
Graphene has since been expanded upon and now there are a wide array  of 2D 
materials with varying chemical compositions. Graphene is a two-dimensional 
sheet of carbons atoms, an allotrope of carbon like graphite, its 3D counterpart. 
Graphene and composites assembled with graphene have displayed remarkable 
mechanical strength, strong light-matter interactions, and promising 
conductivities.8–23 Further research into graphene produced a number of exciting 
advancements in devices for many applications including photodetectors, 
transistors, sensors, and catalysts.  The atom thick nature of the two-dimensional 
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sheet confers these remarkable properties due to many factors including reduced 
dielectric screening and strong columbic attraction between excitonic species.  
Since the discovery of graphene, many different chemical compositions 
have been explored in two-dimensional variants. Other prominent 2D materials 
include hexagonal boron nitride (h-BN), silicene, phosphorene, transition metal 
dichalcogenides, MOFs and perovskites. h-BN is an extension of graphene as it is 
isoelectronic with graphene. However, h-BN is planar whereas graphene has a 
buckled sheet geometry and the optical properties of h-BN differ dramatically 
from its graphene cousin.24–28 For example, the band gap in h-BN is finite at low 
layer numbers and tunable. Silicene is the silicon analogue of graphene, creating 
a two-dimensional sheet of Si atoms, however, it possess significantly different 




Figure 1.1. (a) Band structures for graphene and silicene with conduction band 
and valence band highlights red and blue, respectively.38 (b) Cartoon of 
phosphorene with enhanced side and part views showing phosphorene’s 
structure (top).40 Experimental and theoretical data for the band gap energy of 
phosphorene as a function of the number of layers (bottom).39 
 
Phosphorene is the P containing analogue to graphene and physical 
characteristics such as edge termination differs greatly from graphene (Fig. 1.1 
(b).40–44 Organic and hybrid organic materials such as covalent organic 
frameworks, metal organic frameworks and inorganic and hybrid perovskites all 
have exhibited unique 2D morphologically-derived properties as well.45–54 These 
systems differ for not being on the order of an atom thick slab as graphene and 
its cousins, instead comprised of inorganic cluster building units instead of single 
atoms. These materials are extremely modular, meaning different building blocks 
can be substituted for a wide range of different functional capabilities. However, 
acquiring 2D versions of these molecular structure materials can be a great 
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challenge, and are often utilized as thin films (< 100 nm) rather than true 2D few 
atom thick materials such as graphene.  
 1.2 Transition Metal Dichalcogenides  
Perhaps the most promising of the post-graphene 2D materials are the 
transition metal dichalcogenides. Transition metal dichalcogenides are composed 
of a transition metal and a member of the chalcogen family. Common TMDs are 
of the Mo family namely, MoS2, MoSe2, WS2, and WSe2. Though these materials 
are similar to graphene in that they are comprised of individual layers held 
together by weak van der Waals forces in the vertical direction, there is no single 
component chemical specificity given to TMDs like graphene, silicene, and 
phosphorene. TMDs can compromise a wide range of elements, mainly including 
Mo, W, S, Se, and Te. We also see that TMDs exhibit a wide range of phenomena 
that compliment but deviate significantly from other 2D materials like graphene.  
It is important to understand the variety of synthetic tools available for 
creating and modulating 2D materials because they all possess advantages and 
disadvantages towards specific material outcomes and inform experimental 
design. The first synthetic technique used to assemble 2D materials was the 
“Scotch tape method” developed at the initial discovery of graphene.55–57 This 
method involves using tape to mechanically exfoliate a bulk sample (in the 
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original case, graphene) and removes mono- and few- layer graphene moieties. 
This mechanical exfoliation is extremely practical and easy to administer. 
However, the resulting 2D materials are not of the highest quality and the 
dispersion in layer number between different exfoliation attempts is large, 
though defect engineering through exfoliation techniques present new 
opportunities.57–62 Another early method of 2D material production was chemical 
exfoliation. In this method, the weak van der Waals forces holding the layers in 
the bulk material together in the vertical direction are broken apart by the 
intercalation of chemical species.63–67 This creates 2D materials in a similar way to 
mechanical exfoliation, by disrupting the weak interlayer forces in a bulk crystal. 
The resulting materials for chemical exfoliation generally are of higher quality 
than mechanical exfoliation, however, their dispersity in layer thickness is not 
improved over mechanical exfoliation. It is notable that solution processing can 
afford new properties such as phase changes, capacitance, and catalytic 
capabilities that are different than those obtained via mechanical exfoliation.68–71 
When scientists discovered the utility of 2D materials, synthetic methods 
were quickly developed that sought to assemble 2D materials from constituent 
pieces rather than exfoliation from bulk material. To this end, chemical vapor 
deposition (CVD) has been greatly utilized in the formation of 2D materials. In 
this method, solid phase precursors are volatilized in the gas phase to react to 
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form new species which deposit on a substrate and propagate to form 2D 
materials.72–75 Several factors can be tuned to alter the layer number, size, and 
dispersity of the resulting materials. The level of control exhibited by this gas 
phase method is many orders of magnitude higher than in exfoliation methods 
and the resulting materials generated are of generally very high quality. Other 
gas phase methods to produce 2D materials include atomic layer deposition 
(ALD), metal-organic chemical vapor deposition (MOCVD), and molecular beam 
epitaxy (MBE).76–89 ALD focuses on synthesizing layered materials by utilizing 
sequential gas phase precursors to deposit material  on a substrate. There are 
many different forms of ALD including thermal, plasma, photo-assisted and 
catalytic methods.80,81,83 ALD creates  well-defined material domains over large 
substrate areas and is conducive to large scale industrial use. However, unlike 
CVD processes it is extremely costly in both resources and time. Alternatively, 
MOCVD utilizes the same principles of CVD in that it is a scalable, relatively 
inexpensive process. MOCVD can produce high quality materials with the wide 
range of metal organic precursors available and is an extremely versatile method. 
However, the same metal-organic precursors that enable a wide range of 
material outcomes also can be extremely toxic to the environment raising 
questions about its long-term viability for high-throughput material synthesis. 
Finally, MBE is another gas phase method that creates2D materials through 
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effusion of various precursors to produce explicit epitaxial growth for pure 
monolayer or hetero-layer materials. This method achieves the highest quality 
materials but is slow and requires a large instrumentation investment.  
Though many 2D materials exist and are active subjects or research, 
transition metal dichalcogenides offer several intriguing properties that are 
useful in basic research and technological application. TMD materials are 
composed of layers held together in the vertical direction by van der Waals 
forces with metal and chalcogen atoms covalently bonded laterally (Fig. 1.2). 
These crystals can be structured in different ways, with many TMDs exhibiting a 
lower energy semiconducting ‘2H’ phase where each layer of TMD composed of 




Figure 1.2. Ball and stick model of MoS2 where red and blue balls represent S and 
Mo atoms respectively. The structure is depicted as a 2H trigonal prism phase 
with a finite layer separation held together by van der Waals forces.90 
 
When the crystal structure of the TMD is distorted from its trigonal 
prismatic geometry, a 1T octahedral phase can be created, which is metallic. This 
metallic phase has found utility in several applications such as catalysis and 
optical phenomena.92–95 Finally, a less common 3R rhombohedral phase is 
possible through non-conventional synthetic means, where a rhombohedron of 
chalcogen atoms is formed around a central metal atom.96–100 For all these 
structures, the unit cells repeat laterally but there is a finite distanced van der 
Waals gap that exists between layers, held together by weak van der Waals 
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forces. The exploitation of these weak forces allows for the creation of low-
dimensional materials with great ease as discussed previously with exfoliation 
and direct synthesis methods. 
While graphene is a semimetal absent a bandgap at the K symmetry point 
without external perturbation, transition metal dichalcogenides do have a 
bandgap in the monolayer limit. In MoS2, the electronic structure can be 
modulated where, the bandgap undergoes a shift from indirect to direct when 
the layer number approaches the monolayer limit. Band diagrams show a shift 
from indirect (bulk) and direct (monolayer) bandgaps respectively for MoS2 (Fig. 





Figure 1.3. Band diagram for MoS2. The indirect transition at the (R) point is 
highlighted in blue. Direct band gap transitions are highlighted in red and green 
for the A and B transitions respectively.101  
 
This direct bandgap has multiple transitions including a primary A 
exciton and a B exciton at approximately 150 meV greater energy.104–106 TMDs 
exhibit several intense characteristic peaks in low wavenumber regions that 
provide ready identification of material and layer number as discussed in several 





Figure 1.4. Model of MoS2 nanoribbon geometries with side and top views for 
both the armchair (a) and zigzag (b) configuration of nanoribbons.115 Blue and 
yellow spheres represent Mo and S atoms respectively.  
 
In low-dimensional TMDs, the edge structure influences properties of 
TMDs dramatically as the edges compose a large percentage of the exposed 
atoms. The edges are also exposed and unsaturated which often allows for 
functionalization or other modulation in many low dimensional materials. For 
low-dimensional TMDs, edges can configure in either armchair or zigzag fashion 
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(Fig. 1.4).115–119 These edges can impart catalytic, electronic, optical and magnetic 
properties to low-dimensional TMDs. Further, edges of TMDs are even more 
important in one-dimensional TMDs such as nanoribbons due to their greater 
edge to basal plane ratio.120–123 
A key advantage of crystals of low-dimensional materials which have 
layers held together by weak inter-layer forces is vertically stacking 
heterostructures of different materials. This advantage is not conferred on 
covalently bonded heterostructures and is possibly the most attractive feature of 
van der Waals low dimensional materials. Assembly of low dimensional 
materials into vertical heterostructures has greatly expanded the library of 
effective properties available to researchers.124–131 Many alloyed and 
heterostructured non-2D materials have incredible difficulty effectively 
integrating materials in a truly mixed system which does not phase separate in a 
manner that impacts material performance.132,133 For example, patterning vertical 
heterostructure through external probes, such as lasers, can allow for the scalable 
and general creation of van der Waals vertically stacked heterostructures (Fig 
1.5).127,134 Vertical heterostructures have seen uses in catalysis, memory, and next 
generation computing.1,135–138 Additionally, the relative rotation of vertically 




Figure 1.5. (a) Schematic illustrating the process of fabricating metallic-
semiconducting TMD heterostructures. Laser induced local defects are seeded 
with a secondary TMD to create a heterostructure system.134 (b) Illustration of a 
vertical heterostructure of MoSe2/WSe2 with slightly misaligned layers creating 
Moire interference patterns that regain three fold symmetry at certain points in 
the superstructure denoted by Ry.127   
 
Lateral heterostructures, complementing vertical heterostructures, have 
also been constructed with TMDs and other 2D materials. In these 
heterostructures new functionality is imparted primarily in the interfacial region 
between the heterostructures as has been noted with one-dimensional contact 
regions with other materials such as graphene. In recent years exceptional 
control has been generated over lateral heterostructures (Fig. 1.6). Progress has 
been made in creating edge boundary regions of a different TMD and recent 
research has demonstrated the ability to systematically engineer multiple 




Figure 1.6. (a) Optimal microscopy, atomic force microscopy, and 
photoluminescence and Raman mapping of a MoSe2/WSe2 lateral 
heterostructure. The data demonstrates a core of MoSe2 with a edge region 
dominated by WSe2. Scale bars, 5 μm.141 (b) Schematic illustrating the process for 
constructing repeating lateral heterostructures in TMDs that can create a lateral 
2D superlattice. Electron micrograph image of a lateral heterostructure 
composed of WSe2/WS2 that repeats over several units. STEM image with insets 




Control over the dimensionality of low-dimensionality materials at will is 
paramount in unlocking new phenomena in a multitude of materials. Single 
component low-dimensional TMDs have seen uses in applications such as 
transistors, photodetectors, catalysis, single photon emission, spintronics, 
valleytronics, memristors and more. Here, we will provide a brief overview of 
why transition metal dichalcogenides are promising materials for these 
applications. 
First, transistor properties are superlative due to their high on/off ratios 
and superior particle mobilities.143–146 Photoresponsivity in low dimensional 
TMDs has proven to be more than adequate to compete with other prominent 
low-dimensional materials such as graphene.147–149 Edge properties dominate 
several applications such as catalysis as catalytic activity is focused at exposed 
edge sites, particularly for the useful hydrogen evolution reaction (HER).1,3,150 
Further, the basal planes of the TMDs can be activated for catalysis through 
electrical means.151 Atomic defects in low-dimensional TMDs have been 
exploited for their utility as single photon emitters.152–154 Next generation 
computing utilizing spins, valleys, and neuromorphic strategies all take 
advantage of the variety and complexity of edges, phases, and compositions that 
can manifest in low dimensional TMDs.138,155–159 Methods such as scanning probes 
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have been demonstrated as a method for deterministically placing defects in 2D 
materials and probing localized emission (Fig. 1.7).160,161 
 
Figure 1.7. (a) Schematic illustrating creating well-defined defects through 
scanning probe lithography for use in single-photon emitters.161 (b) Single 
quantum emitter behavior in a single layer of WSe2 as demonstrated by very 
sharp spectral features with very little peak broadening.160 
 
Though single component systems are extremely useful for many 
applications, much of the current research has centered around heterostructures 
with multi-component TMDs or interfacing TMD monolayers with monolayers 
of other materials, such as graphene or h-BN.  These heterostructures open up 
more flexibility and increase effectiveness in many of the applications mentioned 
previously as discussed in several reviews. Emergent phenomena in van der 
Waals heterostructures open up the possibility of utilizing relative rotation of 
17 
 
individual layers to achieve intriguing physical phenomena such as Moire 
interference patterns as seen in Fig 1.5.127,162–165 These Moire interference patterns 
exert unique control over excitonic properties in two-dimensional materials and 
have even been shown to exhibit superconductivity in magic angle graphene.166–
171  
1.3 Overview of Other Dimensionalities 
Though 2D materials present an interesting platform on which to examine 
rich chemistry and physics, nanocrystals encompassing 0D and 1D are equally 
promising. 0D TMDs have been synthesized using laser ablation techniques and 
mechanical sonication.93,172,173 Due to their intrinsic 0D nature they offer 
advantages in catalysis, charge transfer, and quantum optics.160,174–182 0D TMDs 
will not be a focus of this work but present an intriguing platform for further 
research. 
1D TMDs will be discussed more in a future chapter, but these moieties 
are a rapidly evolving material class of materials. Though graphene nanoribbons 
and carbon nanotubes have dominated 1D materials, recent advances in high 
quality, scalable TMD synthesis affords the opportunity to utilize 1D TMDs as a 




Figure 1.8. (a) Transmission electron micrograph of a carbon nanotube bundle 
that was tested in (b) for its tensile strength before and after treatment with 
synchronous tightening and relaxing (STR) strategies.184 (c) Bond-resolved 
scanning tunnel microscopy (BRSTM) micrograph showing functionalized 
graphene nanoribbon moieties and their well-defined heterojunctions.185 
 
In addition to two-dimensional graphene, other morphologies utilizing 
carbon, such as one-dimensional carbon nanotubes (CNTs) and graphene 
nanoribbons (GNRs), have been investigated. Both of these 1D materials possess 
unique properties from the other dimensionally reduced allotropes (graphene) 
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such as metallicity, chirality, and incredibly high tensile strength in CNTs, while 
exotic edge phenomena, precise heterojunction control, and optical anisotropy 
are hallmarks of GNRs122,185–195. Carbon-based 1D systems present a number of 
attractive features, including tensile strength and modularity based on functional 
group placement (Fig 1.8).184,185,196,197  In addition, carbon based 0D quantum dots 
have garnered some interest to which their confinement in all three dimensions 
exerts different control on its behavior compared to 2D and 1D varieties. 
nevertheless, the number of reports devoted to discussion of 0D materials is 
relatively few compared to their 2D and 1D counterparts. 
 Analogues to graphene, two-dimensional transition metal dichalcogenide 
materials also present in one dimensional varieties including nanotubes and 
planar nanoribbons. These 1D materials have unique attributes that make them 
attractive candidates for catalysis, opto-electronics, and next generation 
computing.  However, to date this area of research has been neglected. One-
dimensional TMD nanoribbons will be the focus of chapters 3 through 5.    
To date, much of the research into transition metal dichalcogenides and 
other two-dimensional materials has centered around the investigation of 
physical properties. However, researchers have not critically examined the role 
of morphology in these systems. That is, less focus has been generated on 
manipulating low-dimensional materials beyond two dimensional for desired 
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properties until recently. The goal of this work is to further understand how 
external factors beyond the material, i.e. surfaces, reaction conditions, etc. 
influence material properties. Particularly, this work focuses on three pillars. 
First, understanding how canonical surfaces, such as SiO2, and reaction 
conditions can cause deviation from the normal outcomes in intermediate 
formation of TMDs. Second, we discuss a novel synthetic method of creating 
prescribed substrates for particular substrate-crystal interactions to create 
directed growth in a nanoribbon morphology. Lastly, we study the evolution of 
morphology-property relationships in decreasing dimensionality from two 
dimensions down to one. The combination of these three thrusts centers on the 
idea that we should be critically examining overlooked growth parameters, such 
as intermediate formation and substrate choice. The modulation of these 
parameterswill yield new and useful information about TMD synthesis which 
will allow us to impart new levels of control on TMD materials.  
The chapters following will explore efforts used to understand how 
reaction conditions influence growth of transition metal dichalcogenides. Results 
herein demonstrate novel strategies to gain mechanistic insights into the 
chalcogen incorporation towards TMD growth by utilizing an  unusual two-step 
synthesis. This method can aid in both understanding low-dimensional TMD 
synthesis and unlocking milder conditions than traditionally used in TMD 
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synthesis, that may allow synthesis of vertical heterostructures or integration 
with less robust materials. The main thrust of this thesis discusses a novel 
synthetic strategy developed by our group that greatly expands the ability to 
controllably synthesize one dimensional TMD nanoribbons. We have 
demonstrated the ability to grow multiple compositions of TMDs utilizing this 
method and have shown two distinct methods of significantly controlling the 
morphology of the resulting materials. This new method underscores exciting 
opportunities in the growth of transition metal dichalcogenides beyond that of 
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Chapter 2: Chalcogen Incorporation in Reduced 
Molybdenum Oxides  
The work presented in this chapter has been published as:  
E. C. Sadler, T. J. Kempa “Chalcogen Incorporation Process During High 
Vacuum Conversion of Bulk Mo Oxides to Mo Dichalcogenides”  
 ACS Appl. Elect. Mater. 2, 1020-1025 (2020)  
2.1 Introduction 
In the development of 2D TMDs one of the principal questions has 
remained the mechanism of growth for these materials during gas phase 
processes such as chemical vapor deposition. While this topic has been 
untouched by a large portion of the community, understanding the formation of 
low-dimensional TMDs offers the opportunity to modify these materials in situ 
during growth to engender novel and exotic compositions, morphologies and 
therefore modulate resulting properties on these materials. Additionally, 
understanding how TMD reactions proceed at milder reaction conditions opens 
up a wide range of new chemistries that can be introduced to TMD materials. 
Particularly in the advancement of sophisticated synthetic tools, such as labile 
surfaces used in the directed growth of TMDs, or in vapor-liquid-solid growth of 
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TMDs, being able to influence TMD growths in situ with milder conditions is 
extremely advantageous.  
Generally, the formation of transition metal dichalcogenides involve the 
chalcogenation of a parent material. These parent materials can be oxides, 
carbonyls or pure metals.1–6 At present, there have been two main pathways for 
chalcogenation of a transition metal reactant. In the first (concerted) pathway, the 
vaporized metal species (normally an oxide, such as MoO3 or MoO2) in the gas 
phase encounters gas phase chalcogen molecules which reduce the Mo 
containing species to form an intermediate MoOxAy where A is a chalcogen. This 
intermediate deposits on the surface and is suffused with chalcogen vapor and 
grows laterally to form a low-dimensional fully chalcogenated TMD material. 
There are other Mo containing precursors utilized heavily in 2D and bulk TMD 
growth, such as Mo(CO)6 or MoO2. For the former, MOCVD techniques utilize 
liquid metal organic material precursors to have more precise control over the 
diffusion of reactant materials into the reaction chambers.7–9 Other nonvolatile 
reactants, such as MoO2, offer an already +4 valency metal which greatly reduces 
the thermodynamic barrier to reduction and incorporation of chalcogen into the 
Mo- material, though MoO2 has not been utilized in the majority of cases. The 
mechanistic outcomes from MOCVD may differ greatly from utilizing CVD 
methods and is not a focus of this work. The principal avenue towards growth of 
38 
 
TMDs is chemical vapor deposition therefore this method requires careful 
examination to uncover mechanistic fundamentals.  
Earlier works demonstrate that the chalcogen species can form a 
substitutional reduction of Mo from +6 to +4 valency. The structure of MoO3 
causes an O atom to stick out in space away from the surface of the material and 
the initial substitutional chalcogenation reaction conserves the +6 valency before 
forming a +4 TMD (Fig. 2.1).10  
 
Figure 2.1. Scheme showing a proposed mechanism for the initial abstraction of a 
Mo atom in a MoO3 crystal possessing +6 valency. A H2S molecule abstracts O to 
Create H2O and is left with a single S atom on the Mo.10  
 
This geometry allows the S atom, in the form of H2S as depicted in Fig. 2.1, 
to substitute a S atom for an O atom and create a leaving group of H2O. 
However, many sulfur containing TMD reactions do not utilize H2S due to the 
inherent toxicity in that precursor and in the majority of syntheses most likely do 
not directly follow the mechanism depicted in Fig. 2.1.10–13. Most low-dimensional 
TMD reactions utilize a metal precursor and chalcogen powder. In these 
reactions, the mechanism of sulfur reduction has been less clear. In this chapter, 
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bulk intermediates of MoS2, namely MoO3-x are isolated and used to elucidate the 
route of incorporation of sulfur atoms into the material. Bulk crystals were 
specifically chosen over low-dimensional crystals because the isolation of 
partially chalcogenated intermediates is extremely difficult owing to their rapid 
synthesis time upon deposition and the practical challenges in monitoring a 
cross-section of a monolayer.  
The gas phase reaction pathway of volatilized Mo oxide powder with 
sulfur has been explored by several studies that isolate the intermediate MoOxAy 
species from reduction by chalcogens.14,15 These studies demonstrate that these 
moieties have a radial conversion to create fullerene like nano-structures with the 





Figure 2.2. (a) Transmission electron micrograph of a core-shell fullerene 
structure derived from a gaseous reaction and following deposition process 
where the core is a intermediate partially sulfidated MoO3 and the shell is a fully 
chalcogenated TMD. Scheme depicting this chemical topology and ensuing 
lateral growth for 2D TMDs.14 (b) HAADF-STEM image of a core-shell fullerene 
structure derived from a gaseous reaction and following deposition process. 
STEM-EDS maps show considerably more S, and therefore MoS2, character at the 
edges of the fullerene structure.15 
 
One unanswered question is the identification of the S containing moieties 
that cause the reduction on the surface of Mo containing species. It has been 
hypothesized that an S2 moiety is the reducing species in the reaction, though 
more work is required on this front.16 Because these S2 species are most likely not 
highly reductive species, earlier efforts at synthesizing sulfide-based TMDs 
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utilized highly reductive species such as H2S as mentioned previously most 
likely cannot be used as precedence in understanding how chalcogen powder 
based reactions proceed. Though this is an important aspect of current TMD 
synthesis, it is outside the scope of this work.  
There is currently little understanding in how the solid-vapor interface 
behaves when sub-oxide species undergo chalcogenation. This work seeks to 
further understand that interface. Though this work does not comment on the 
nature of the S containing moiety participating in the reduction of the oxide 
precursor, it does comment on how intermediates in the TMD process 
preferentially form TMD moieties. This result may unlock the potential to 
reliably and at large scales integrate with bulk processing capabilities to create 
wide ranging TMD heterostructures more efficiently.   
Additionally, the limited work on investigating the mechanism of TMD 
synthesis has focused on a concerted pathway like what is observed in Fig. 2.2 
These reaction pathways, while the dominant method in assembling low-
dimensional TMDs, do not constitute the entirety of low-dimensional TMD 
growths. Many studies have also utilized a two-step growth process where some 
metal precursor already exists on the surface prior to vaporization of the 
chalcogen source.17–20 These two-step routes have advantages in several cases 
including a lower number of synthetic variables with only one interface, namely 
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the solid-gas interface, requiring tuning instead of both the gas phase reaction 
and deposition process. Further, by using the two-step pathway we can 
investigate partially reduced intermediates as starting materials that are difficult 
to isolate for concerted growths. To date there have been an increasing emphasis 
on utilizing multi-step deposition and conversion of materials. The stark 
advantages in this method is the synthesis of controllable and large area TMD 2D 
materials. The chalcogenation of large area Mo metal deposited on a surface has 
shown to result in both large scale area 2D TMDs and in a different experiment 
showed that the Mo metal can break apart and form normal mesoscale TMD 
domains.20 One of the main benefits of this method is the processability of TMD 
crystals utilizing this method. Wafer-scale metals evaporation combined with 
two-step sulfurization procedures, would create a far simpler reaction pathway 
for wide-scale adoption of TMDs compared to concerted, single-step, powder-
reliant syntheses. 
The goal of this work was to take inspiration from the two-step pathways 
in forming TMD materials that can inform on several aspects of TMD growth 
including low-dimensional MoS2 growth. To this end we first deposit a reduced 
Mo containing oxide. Following preparation of this precursor, we sulfidate the 
partially reduced oxide and analyze what the preferential chalcogenation sites 
are in the reduced oxo-sulfide crystal. We carry out this chalcogenation at lower 
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temperatures, down to 300 °C, which is far from the norm of 650 – 800 °C used in 
the majority of MoS2 reactions to date and show that milder conditions can yield 
partially chalcogenated samples which may be useful in future methods that 
explore interfacing TMD materials with other materials such as polymers and 
metal organic frameworks that are not as amenable to high reaction 
temperatures.21,22 
2.2 Experimental Methods 
CVD Reactor. Our home-built chemical vapor deposition (CVD) system is 
a versatile quartz tube hot-wall reactor design with a manifold of mass flow 
controllers (MKS Instruments: GM50A series MFCs) and a closed-loop pressure 
control system (MKS Instruments: 640B pressure controller). The manifold and 
pressure control circuits are both operated through custom LabView scripts 
running on a PC. The furnace (Thermo Scientific-Lindberg Blue M 3-Zone) has 
three independently controllable zones; each of which measures 25 cm in length 
and can reach temperatures of 1200 °C. A 400 °C temperature differential can be 
maintained between adjacent zones through the use of thermal inserts. A high-
vacuum pump (Leybold: LV80 screw pump) is used to evacuate our CVD system 
to a base pressure of < 0.01 mTorr and is able to safely manage any toxic or 
pyrophoric effluent. The metal-sealed GM50A series mass flow controllers on 
our CVD reactor permit highly accurate (1% setpoint accuracy) flow control and 
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are accompanied by NIST traceable calibration sheets. Prior to all CVD reactions, 
we thoroughly washed and then performed a bake-out of quartz tubes (Quartz 
Plus: 22 mm inner diameter, 25.4 mm outer diameter) at 500 °C for 2 h under a 50 
sccm N2 flow. A schematic of this reactor is shown here (Fig. 2.3). 
 
Figure 2.3. Schematic of the deposition of MoO3-x (top) utilizing custom-built 
chemical vapor deposition instrument. Schematic of the sulfidation of MoO3-x 
with sulfur powder (bottom) utilizing custom-built chemical vapor deposition 
instrument. 
 
Deposition of MoO3−x. Twenty milligrams of MoO3 powder (Strem 
Chemicals) was placed in a 5 mm × 5 mm × 10 mm alumina crucible. This 
crucible was placed in the middle-heated zone of our CVD reactor. A Si substrate 
(Nova Electronic Materials) with a 200 nm SiO2 topmost layer was cleaned by 
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sonication in acetone and isopropanol. Following sonication, a 15 min O2 plasma 
treatment was conducted to remove residual organic contaminants from the 
surface SiO2 layer. The substrate was placed face-down on the alumina boat 
containing MoO3 powder. After the CVD reactor was evacuated to a base 
pressure of 1 × 10−5 Torr, the furnace zone containing the crucible and SiO2 
substrate was heated to 500 °C over 40 min. Once the temperature of the middle 
zone had reached 400 °C, N2 at a flow rate of 20 sccm was introduced. At 500 °C, 
the system was pressurized to 40 Torr and held at these conditions for 15 min 
After 15 min, the reaction was quenched by ending the heating process, opening 
the furnace lid, and increasing the N2 flow to 100 sccm. 
Sulfidation or Selenation of MoO3−x. SiO2 on a Si substrate covered with 
MoO3−x deposits (prepared as described in Deposition of MoO3-x) was placed 
face-up in the middle-heated zone of our CVD reactor. An amount of 160 mg of S 
or Se powder (Sigma-Aldrich) was loaded into an alumina crucible and 
positioned in a zone immediately upstream of the middle zone. This upstream 
zone was maintained at a set point temperature of 250 or 450 °C for sulfidation or 
selenation, respectively. After evacuating the CVD reactor to a base pressure of 1 
× 10−5 Torr, heating was initiated. The middle zone was heated to a desired set 
point at a heating rate of 12.5 °C/min. N2 at a flow of 20 sccm was introduced, 
and the CVD reactor was pressurized to 40 Torr. Thereafter, heating was 
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initiated, and once the furnace reached the desired set point, the reaction was 
allowed to proceed at these conditions for varying lengths of time. 
Concurrent or Stepwise Chalcogenation of MoO3−x. Concurrent: We 
followed the methods described in Sulfidation or Selenation except that both S 
and Se powders were loaded into the upstream zone, which was held at 400 °C. 
Stepwise: We followed the methods described in Sulfidation or Selenation with 
one additional step. After quenching the reaction and cooling the reactor to 
below 100 °C, 160 mg of the chalcogen not used in the previous step was placed 
in a clean crucible. Raman spectra collected from the products of (a) selenation, 
(b) concurrent selenation and sulfidation, and (c) a stepwise process of selenation 
followed by sulfidation.  
Preparation of Fiducial Markers. A JEOL JSM 6400 system running 
Nanometer Program Generation Software (JC Nabity Lithography Systems) was 
used to pattern custom features (drafted within a 2D ASCII CAD file) into a 
polymethyl methacrylate (MicroChem) electron beam resist, which had been 
previously spin coated onto the SiO2 substrate. Following development in methyl 
isobutyl ketone, rinsing in isopropyl alcohol, and drying, the patterned substrate 
was introduced into the chamber of a thermal evaporator (Leybold Univex 250) 
and 20 nm of Au was deposited. Following Au lift-off in acetone, the substrate 
with fiducial markers were cleaned and used as is. 
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Raman Spectroscopy. Micro-Raman scattering was measured from 
various spots in a backscattering geometry using a Horiba Jobin Yvon T46000 
spectrometer equipped with a liquid N2-cooled CCD detector. Excitation at 514 
nm was provided by an Ar/Kr laser. A 50x objective lens was used, and the laser 
power was maintained at 1 mW. The laser probe size was ∼2 μm 
AFM. The topographies of MoO3−x deposits before and after sulfidation 
were obtained using a Keysight 5500 atomic force microscope (AFM). AFM raw 
files (.mi) were processed in Gwyddion 2.51. A “Facet Level” function was 
applied to the raw data. Four line profiles in close proximity to one another were 
extracted from the leveled raw data and averaged to produce the topographic 
profile of the crystals. 
FIB Milling of Deposits for STEM Analysis. Focused ion-beam milling of 
the single deposit studied was performed on a Tescan GAIA FIB−SEM with a Ga 
ion beam. A thin coating of tungsten was deposited in situ over the sample to 
protect the cross section during the milling process. The FIB process was carried 
out at 30 kV with a probe current of 2 nA for the cross-sectioning and initial 
polishing of the crystal. Final polishing of the cross section to a 100 nm thickness 
was performed with a 40 pA probe current. 
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STEM Imaging and EDS Mapping. STEM imaging was performed using 
JEOL JEM 2100 field-emission TEM. EDS mapping was performed at 200 kV. 
Line profiles were extracted by integrating detector X-ray counts for each 
element in the STEM map. The normalized data shown were obtained by 
dividing the total counts for each element by the sum of all X-ray counts detected 
from the sample (Mo, O, S, and Si). Such normalization accounts for any changes 
in the overall signal arising from, for example, local differences in sample 
thickness. 
XPS. XPS analysis was performed using a PHI 5600 X-ray photoelectron 
spectrometer equipped with a Mg Kα flood source (1253.6 eV) and a 
hemispherical energy analyzer. High-resolution multiplex scans were collected at 
ultrahigh vacuum (8 × 10−8 Torr) with a source power of 300 W, a pass energy of 
23.5 eV, 5 sweeps/ spectrum, and 0.025 eV/step. Survey scans (1200−0 eV binding 
energy) were collected at the same ultrahigh vacuum condition with a pass 
energy of 187.785 eV, 2 sweeps/spectrum, and 1.6 eV/step. Spectra were analyzed 
using CASA XPS software. 
pXRD. Powder X-ray diffraction data were collected on a Bruker D8 Focus 




The vast majority of low-dimensional TMD synthesis is done at 
temperatures ranging from 650 °C to 1000 °C. However, these high temperatures 
limit any opportunity to isolate selected intermediates that may give clues to 
how TMD growth reactions proceed. In this work we utilized a two-step process 
that allows us to do isolate sub-oxides and isolate the chalcogenation portion of 
the TMD reaction. (Fig. 2.4).  
 
Figure 2.4. Schematic showing the two-step reaction process for synthesizing 
MoS2. Depending on the parameters set in Reaction 2, either a fully sulfidated 








Figure 2.5. Optical micrographs taken at 50x magnification showing a single bulk 
crystal before (left) and after (right) sulfidation at 400 °C. This crystal was 
tracked through deposited Au markers. Scale bars, 20 μm. 
 
Optical  micrographs of MoO3-x crystalline deposits synthesized by the 
scheme shown in Fig. 2.3 and then sulfidated at 400 °C are shown (Fig. 2.5). The 
primary single crystal tracked through the deposition and sulfidation retains its 
morphology and demonstrates retention in crystal quality post sulfidation (Fig. 
2.5). Though clearly these are bulk crystals, we can more clearly measure trends 
in the chalcogenation of samples with greater accuracy due to an appreciable 
height in these crystals, unlike in monolayer TMDs. We also note the complete 
retention in morphology of before and after sulfidation of the sub-oxide crystal is 
critical in evaluating the chalcogen process. These crystalline deposits can be 
altered in their size and breadth by reactor temperature and pressure. In 
conditions utilized here, as outlined in section 2.2 has a relatively narrow width 




Figure 2.6. Histogram showing a width distribution for 100 MoO3-x crystallites 
after deposition in Reaction 1 of Figure 2.4. The average crystallite diameter was 
33.8 um. 
 
 Initial efforts at characterizing the change from MoO3-x to a partial or fully 
sulfidated species was done using ex situ powder X-ray diffraction (PXRD) 
methods and XPS. Two PXRD diffractograms from before and after sulfidation 
are shown (Fig. 2.7). Though few reflections have the requisite intensity to 
resolve, a clear reflection at 26 degrees appears in the MoO3-x crystallite sample 
and is reduced in intensity following sulfidation.23,24 Further, a new reflection 
appearing at 29 degrees is indicative of the (004) reflection plane in MoS2.25 The 
reduced intensity, yet still present, MoO3-x specific peak and the appearance of a 
52 
 
MoS2 specific peak reveal that this species was a partially sulfidated MoO3-x/MoS2 
hybrid. X-ray photoelectron spectroscopy (XPS) shows that the reduced Mo 
oxide species has clear Mo (VI) 3d peaks and create Mo (IV) 3d peaks post 
sulfidation (Fig. 2.7). Additionally, the post sulfidated sample has a smaller 
intensity, but significant S 2p XPS signal. We did not observe residual Mo (VI) 
peaks indicative of the precursor Mo oxide.26 However, this is unsurprising 
because XPS is a surface sensitive method and even though, as discussed later in 
this chapter, the sulfidation is preferred at the substrate – crystal interface, there 
is clear sulfidation occurring throughout the crystal, including at the surface, that 




Figure 2.7. (a) Powder X-Ray diffractograms of MoO3-x crystals before (black) and 
after (red) undergoing sulfidation. The reflection at 26 degrees is present in both 
samples and attenuated in the post sulfidation sample. A new reflection at 29 
degrees is present indicative of MoS2. (b) X-Ray photoelectron spectra of MoO3-x 
crystals before (bottom) and after (top) sulfidation. The Mo (VI) 3d peaks are 
consistent with a Mo containing oxide and the appearance of Mo (IV) 3d peaks 
are consistent with the appearance of MoS2. 
 
Next, we turned to Raman spectroscopy to map out the partial or total 




Figure 2.8. Raman spectra for both a pre sulfidated MoO3-x crystals (top) and post 
sulfidated (bottom). Blue shading indicates Raman signatures that are indicative 
of MoO3-x structure while the red shading indicates signatures indicative of MoS2. 
 
By utilizing marked substrates, we were able to track the evolution of 
Raman peak signatures of the same crystallite through its conversion from a 
partially reduced Mo oxide to a partially sulfo-oxide. Several features show that 
there is a partial conversion of the crystallites. First, there are three notable peaks 
at 831, 919, and 980 cm-1, consistent with a partially reduced MoO3-x moiety.23,24,28–
30 If the entire crystallite was sulfidated to form a bulk MoS2 crystal we would 
expect to see the disappearance of these three peaks.  However, what is notable is 
the reduction in intensity of these peaks and the emergence of the A1g and E2g 
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modes of MoS2 located at 380 and 404 cm-1 respectively. This peak separation 
between these two modes is indicative of bulk MoS2.31–34 From this we can 
conclude that the sulfidation under these parameters causes some of the reduced 
oxide to form MoS2 moieties, but not complete conversion of the entire crystallite 
towards MoS2.  
Further, we isolated the effects of both temporal and thermal effects on the 






Figure 2.9. (Top) Raman spectra of MoO3-x crystals following sulfidation carried 
out at four different temperatures over 15 minutes for each crystal. (Bottom) 
Raman spectra of MoO3-x crystals following sulfidation carried out at the same 
temperature of 300 °C but utilizing different reaction times.    
 
Raman spectra of MoO3-x crystals after they have been exposed to sulfur 
vapor at times of 15, 25 and 45 min at a constant temperature of 300 °C and 
Raman spectra of MoO3-x crystals after they have been exposed to sulfur vapor at 
a constant time of 15 min at 300, 400, 500 and 650 C° reveal several key features 
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about the two step synthetic process (Fig. 2.9). First, we see that under a constant 
temporal constraint, that at these low vacuum conditions partial conversion 
towards MoS2 can commence at 400 °C. Going above 400 ° C towards 
conventional MoS2 reaction temperatures of 650 °C or above starts to complete 
the chalcogenation process towards MoS2.  
Second, under a specific temperature of 300 °C as shown in Fig 2.9, we 
note that even lower temperatures are accessible to partial sulfidation of MoO3-x 
crystals when reaction times were extended, showing that temporal 
considerations are considerable when dealing with the mechanism pathways of 
TMDs in the deconcerted pathway. Partial conversion proceeded down to Ҙ00 ° 
C but not any lower even after 2 h duration of sulfidation at 200 °C, (Fig. 2.10).  
 
Figure 2.10. Raman spectrum of a MoO3-x crystal that has been sulfidated at 200 
°C for an extended time (2 h). There is no evidence of the A1g or E2g Raman bands 
expected to denote MoS2 formation. 
 
These data demonstrates that under these low-pressure conditions very 
limited chalcogenation reactions can proceed at low temperatures. As a large 
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number of TMD growths are done at atmospheric conditions, utilizing high 
vacuum conditions to couple to lower temperatures provides an avenue to 
isolating intermediates in the TMD synthetic process. Limited chalcogenation is a 
crucial ability to elucidate mechanistic insights from partially converted MoO3-x 
as we seek to evaluate partially sulfidated moieties.  
To confirm these trends, we also sought to completely convert a single 
crystallite of MoO3-x towards a bulk MoS2 crystal to confirm that the two-step 
pathway using reduced oxide precursors was both ideal and notable. A Raman 
spectrum of a MoO3-x single crystallite that has been converted towards MoS2 at 
650 °C shows that there is little to no retention in MoO3-x signal (Fig. 2.11). This 
temperature is a canonical temperature in the concerted synthesis of MoS2. In this 
case, we notice that all high intensity, high wavenumber (800 – 1000 cm-1) MoO3-x 
Raman signatures have completely disappeared in the spectrum, indicating 
complete conversion towards MoS2. These results concludes that the novel low 
pressure, low temperature technique employed here is a useful tool in isolating 
partially sulfidated intermediates to study reaction pathways in transition metal 




Figure 2.11. Raman spectrum of a MoO3-x crystal that has been sulfidated at 650 
°C for 15 min. There is no evidence of the Raman bands expected to indicate 
MoO3-x formation. However, the A1g and E2g bands indicative of MoS2 are present 





Figure 2.12. (a) Raman spectra of a MoO3-x crystallite undergoing selenation in 
the presence of Se vapor. The indicative A1g Raman band of MoSe2 is present as 
denoted by the orange shading. (b) Raman spectrum of a MoO3-x crystallite 
undergoing concurrent selenation and sulfidation in the presence of Se and S 
vapor. The A1g Raman band of MoSe2 is blue shifted to 262 cm-1 as denoted by the 
purple shading. (c) Raman spectrum of a MoO3-x crystallite undergoing stepwise 
selenation then sulfidation. Indicative Raman bands for both MoSe2 and MoS2 are 
present as denoted by the green shading. 
 
Further, Raman spectra for MoO3-x deposits that have been both 
sulfidated, selenated, and a combination of the two at lower temperatures show 
several notable results (Fig. 2.12). As expected, the sulfidated and selenated 
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samples show characteristic Raman peaks of MoS2 and MoSe2 respectively. In 
Fig. 2.12 (a) we note the appearance of a clear MoSe2 A1g Raman mode. The 
location of those Raman mode at ~ 241 cm-1 is indicative of a MoSe2 material as 
corroborated previously.5,31,32,35–37 Interestingly, the co-chalcogenation at low 
temperatures and reduced pressures proceeded to form a MoSSe alloy as 
demonstrated by the MoSe2 A1g shifting from ~ 240 cm-1 to ~ 260 cm-1 and peak 
broadening significantly for the A1g mode as demonstrated in previous MoSSe 
alloys.38,39 Previous work has demonstrated numerous occasions that TMD 
reactions utilizing a litany of reactants can yield discrete heterostructures but 
reports of alloyed material are few.40–42 
Taking these Raman data together, we determined that mild conditions 
(400 °C at during a 15 min hold time) would be ideal to isolate an intermediate 
sulfo-oxide species during a solid-vapor phase conversion. By isolating this 
partially sulfidated material we could investigate the extent of sulfidation. For 
this purpose, focused ion beam (FIB) SEM was utilized to take a cross-section of 
the crystallite shown and tracked in Fig. 2.5. Post sulfidation, this cross-sectioned 
deposit was used to measure the concentration of chalcogen species vertically 
throughout the crystal. Cross-sectional SEM and STEM mode micrographs of a 
cross-section generated from the FIB milled sample of a partially converted at 




Figure 2.13. (a) Scanning electron micrograph depicting a MoO3-x crystallite post 
sulfidation at 400 °C that has undergone focused ion beam (FIB) treatment to thin 
a cross section of the crystal. Scale bar 3 μm. (b) Transmission electron 
micrograph of the cross section of the same sulfidated MoO3-x crystal. Scale bar, 1 
μm. 
  
In initial STEM measurements, we wanted to understand if the 
crystallinity of the partially chalcogenated crystal was retained through the 
reaction at these mild temperatures. To this end Fig. 2.14 shows a procession of 
SAED measurements taken vertically throughout the crystal showing that the 
crystal structure changes vertically throughout the crystal. Crucially, these data 
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demonstrate a crystalline species that has maintained its crystallinity during the 
chalcogenation reaction. Further, the diffractogram taken near the base of the 
crystal in Fig 2.14 shows a more hexagonal pattern. However, patterns at the 
middle and top of the crystal have more rectangular lattices, indicative of greater 
MoO3-x character. We stress that the spots that any given selected area electron 
diffractograms are generated may have more or less MoS2 character than its 
average content for a given distance through the crystal (Fig. 2.15). As can be 
seen in Fig. 2.14, there exist multiple occlusions that are most likely regions of 
unreacted oxide. These diffraction data is consistent with previous data on 
molybdenum oxides and MoS2 diffraction, though we must note that the exact 
identity of the suboxide species is unknown at present and diffractograms may 
differ slightly from other MoO3-x species due to different stoichiometries and 





Figure 2.14. Selected area electron diffractograms (SAED) of the cross-section of 
the sulfidated MoO3-x crystal shown in Fig. 2.13. The top diffractogram was taken 
at the top of the crystal near the atmosphere interface, the middle diffractogram 
at the middle third of the crystal and the bottom diffractogram at the base of the 
crystal  near the substrate interface. Scale bars, 10 nm-1. 
 
Next, understanding how the sulfur atoms formed MoS2 spatially during 
the reaction would be key in gaining insights into designing multi-step TMD 
synthesis steps that could reliably and quickly produce bottom-up grown 
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vertical heterostructures and interfacing with thermally sensitive materials. 
During the acquisition of STEM mapping micrographs such as those shown in 
Fig. 2.13, STEM-EDS data was taken to understand the chemical specificity as a 
function of distance through the crystal. These STEM EDS data demonstrates a 
spatial preference for chalcogenation in the crystal that had not been observed 
previously. (Fig. 2.15). We do note that it is clear from Fig. 2.13 that the FIB 
process thinned the crystal unevenly, where the top of the crystal is significantly 
thinner than the region closer to the substrate and data was normalized to 





Figure 2.15. (a) STEM-HAADF image of the cross-section of the partially 
sulfidated MoO3-x crystal shown in Fig. 2.5 and Fig. 2.13. (b) Line profiles of EDS 
counts for Mo, O, and S collected from the cross-section shown in (a). (c) Line 
profiles for Mo, O and S normalized as a function of the total intensity counts 
generated. The green shaded region is the approximate region of the SiO2 
substrate.  
 
STEM-EDS measurements are shown where the y-axis is the direction 
vertically through the crystal where 0 is the substrate-crystal interface and the 
elemental trends shown in Fig. 2.15 (b and c) are correlated directly to the STEM-
HAADF map adjoined to the plots in Fig. 2.15 (a). Key elements Si, O, Mo, and S 
were calculated by taking that element’s intensity and finding its proportion of 
the overall intensity in the STEM-EDS map to account for any variability in 
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thickness throughout the crystal. We see several features that gleam clues into 
how sulfur interacts with a MoO3-x crystal in Fig. 2.15. First, the S concentration is 
greater at the crystal-substrate interface than the crystal-air interface. This is 
surprising for several reasons. First the accessibility of gaseous S species into the 
crystal is lower for the crystal-substrate interface due to the diffusion required 
for S species to arrive at the interior of the crystal. We hypothesize that this 
bottom-up preference is derived from some lower energy requirement at the 
interface between crystal, atmosphere, and substrate located at the edge of the 
crystal. However, this remains an open question. Additionally, previous work on 
fullerene-like MoS2 mechanism analysis shows a concentric sulfidation where the 
sulfur content is relatively even radially from the exterior and an oxide shell 
resides in the middle during a concerted MoS2 growth that was done with fully 
oxidized precursors. However, this work clearly shows that there is not an even 
distribution of chalcogenation from bottom-up to top-down in this two-step 
process. By isolating a partially reduced intermediates on pathway to MoS2 
growth, this work demonstrates that in conjunction with the previously 
researched existence sulfo-oxide intermediates, that low-dimensional TMDs are 
most likely getting sulfidated from the bottom-up. Interestingly, this has great 
implications in the scalability and modularity of TMD crystals. For example, 
Janus TMDs have been the subject of much interest in recent years, but the 
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creation of these structures is extremely difficult. By exploiting more favorable 
reaction pathways on the crystal-substrate interaction it may be possible to 
construct complex mono- or few- layer heterostructures of TMDs. Future work 
probing reduced oxides as possessing amenable sites towards milder chalcogen 
replacement steps will be critical in advancing this synthetic approach. This work 
supports the need to investigate a much wider parameter space in oxide related 
TMD precursors that go beyond fully stoichiometric materials such as MoO2 and 
MoO3 and that these non-stoichiometric precursors may afford some advantages, 
namely reduced energy requirements towards TMD synthesis, that fully 
stoichiometric materials do not possess.   
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Chapter 3: Substrate Mediated Manipulation of TMD 
Dimensionality 
 
The work presented in this chapter has been published as: 
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Kempa. “Substrate-Directed Synthesis of MoS2 nanocrystals with Tunable 
Dimensionality and Optical Properties” 
Nat. Nanotechnol. 15, 29-34 (2020) 
 
3.1 Introduction 
Though the majority of attention in atomically thin low-dimensional 
materials, such as TMDs, has been focused on two-dimensional variants, these 
materials have been explored in other morphologies, notably one-dimensional 
(1D) counterparts, as has been explored in recent reviews.1–3 These 1D materials 
exploit their confined dimensionality in an additional dimension compared to 2D 
materials. 1D morphologies include nanoribbons, nanotubes, and nanowires.4–8 
The reduced dimensionality in 1D materials evokes new phenomena and 
properties such as a completely different band structures, greater edge 
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dominated properties, width-dependent properties, and greater confinement 
effects.9–19 For example, graphene has been widely explored in the form of carbon 
nanotubes (CNTs) and graphene nanoribbons (GNRs) with each possessing a 
wide variety of different properties from each other and their parent 2D 
graphene. CNTs are mechanically extremely promising, boasting exceptional 
tensile strengths over 60 GPa. Additionally they are metallic or semiconducting 
in nature, and have excellent thermal conductivity compared to 2D graphene and 
have been utilized for their surface functionalization modulation which imparts 
sensing and catalytic benefits.20–24 GNRs exhibit exotic edge properties where 
edges modify the electronic, mechanical, and optical properties of GNRs and 
influence their applications.18,19,25–27 The increased contribution of edges to the 
overall physical characteristics of GNRs compared to 2D graphene stems from 
the increased edge to basal plane ratios in planar 1D materials and greater 
confinement effects. Further understanding carbon and other compositionally 
based 1D materials is crucial for the development of next generation 1D 
morphologies and continuing work has focused on the advanced synthesis of 
these materials. Notably, the edge character of GNRs can be influenced readily 
from bottom-up synthetic methods.18,25,28 There are currently a number of bottom-
up methods for creating and modifying 1D carbon-based materials. Additionally, 
top-down methods such as ion beams, electron beams, and microprobes to 
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manually etch or carve out one-dimensional regions from two-dimensional 
materials have been used in the creation of 1D moieties.29 These methods can 
induce large modulation in material morphology and edge states in an array of 
materials including carbon based low dimensional materials and TMDs, at the 
cost of synthetic time and scale.  
Beyond carbon-based 1D materials there are several prime candidates that 
have seen extensive research including semiconductor nanowires. Canonical in 
these materials are Si nanowires grown from vapor-liquid-solid (VLS) 
methods.30–32 These have been used as biological sensors and in nano-electronic 
applications.33–35 Cousins of these Si based VLS materials are III-V semiconductor 
nanowires such as GaAs and have been used extensively in solar cell and other 
applications such as lasing and photodetectors.36–38 The tunability of these 
semiconductor nanowires are versatile and useful. For example, radial 
heterostructuring can be done by utilizing vapor- solid-solid (VSS) growth to 
deposit material cocentrically.39–42 The interfacial regions of the 1D nanowires 
then can afford new interactions. Axially, synthetic tuning of input gases in the 
CVD processes during VLS growth effectively changes the growth front material 
and can create sharp heterointerfaces along their length.43–45  
Beyond semiconductor nanowires, transition metal dichalcogenides 
(TMDs) also exist in nanotube and nanoribbon morphologies. TMD nanotubes 
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have been synthesized through solution phase methods like their CNT carbon 
counterparts. TMD nanotubes have been used in electronic applications such as 
field effect transistors and photovoltaics.7,8,46–49 However, the number of reports 
regarding TMD nanotubes pales in comparison to the wide array of reports on 
CNTs demonstrating that TMD nanotubes present opportunities to discover new 
physical phenomena.  
However, the work presented in this chapter and the following two 
chapters do not discuss nanotube morphologies. In this work we look to TMD 
nanoribbons as an attractive one-dimensional platform to uncover new 
phenomenological properties. TMD nanoribbons have been a growing class of 
materials over the last several years with the general commensurate rise of new 
morphologies beyond 2D. TMD nanoribbons in particular have generated much 
interest due to their myriad useful physical properties, such as optical 
anisotropy, catalytic uses, high mobilities, and magnetic and electron phenomena 
at their edges.11,50–55 Though these materials present extremely promising 
platforms to study a rich area of chemistry and physics, existing methods 
towards synthesizing these nanoribbons have been inadequate. Like their 
counterparts of graphene nanoribbons, TMD nanoribbons require a more careful 
synthetic procedure than nanotubes. Currently, most 1D nanoribbon TMD 
morphologies are synthesized from top-down probe techniques similarly to 
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GNRs utilizing techniques such as STM, AFM, ion beams, and electron beams 
(Fig. 3.1).25,29,56–65 
 
Figure 3.1. (a) Scanning tunneling micrographs (STM) of graphene nanoribbons 
that have been tailored through scanning probe techniques.29 (b) STM 
micrographs of 1D MoS2 regions carved out of a 2D MoS2 flake by scanning 
probes.63 (c) Transmission electron micrographs (TEM) of materials including 
MoS2 thinned through He+ ion milling.64 (d) TEM micrographs of a MoS2 flake 
thinned down to a 1D moiety through electron beam irradiation.65 
 
However, the edge quality, which imparts many of the phenomenological 
properties of 1D materials, is quite poor when utilizing these methods and 
instrumentation requirements along with the serial nature of top-down 
patterning limit the scalability and overall effectiveness of top-down methods. 
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Due to this material edge breakdown and instrument limitations, there 
has been increasing focus on bottom-up methods that can produce high quality 
single crystal nanoribbons of TMDs.. Recently, a VLS method, similar to group 
IV and group III-IV semiconductor nanowires methods, was utilized to grow 
TMD nanoribbons from a chalcogen infused droplet composed of a Na and 
MoO3 melt (Fig. 3.2).66 Unfortunately, the disparity in quality between various 
nanoribbons and the lack of high-quality edge fidelity limits the scalability of this 
method. However, this was a great step towards scalable bottom up TMD 
nanoribbon growth. Additionally, it has been seen that by utilizing native crystal 
planes, such as within sapphire crystals, can influence the dimensionality of 
MoS2 crystals between 2D and 1D moieties.67,68 Again, this method using native 
surface interactions suffers from lack of tunability and has not shown the ability 
to reach critical widths that engender physical phenomena of interest. Other 
methods such as MBE growth of ultranarrow TMD nanoribbons have been 
utilized as discussed in the next chapter. These methods suffer from the need for 
complex instrumentation and generally serial nature of their synthesis, and long 




Figure 3.2. (a) Schematic of vapor-liquid-solid (VLS) process to extrude 1D MoS2 
nanoribbons. Optical micrograph and electron micrograph showing nanoribbons 
formed from the VLS method.66 (b)Atomic force micrographs showing both 2D 
and 1D domains grown on different planes of sapphire with structures of the a- 
and c-planes of sapphire shown as ball and stick models.68 
 
The manipulation of morphology in TMDs has been less explored than the 
manipulation of the composition, phase, and edges of 2D TMDs, on which 
subject there have been numerous reports.62,63,69,70 All of these transformations 
allow 2D TMDs to be better exploited for a variety of applications including 
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catalysis, optoelectronics, and quantum information systems. However, the 
modification of the lateral dimension in 2D TMDs is a research area that requires 
further investigation. With the work presented here, more avenues towards 
reliable bottom-up synthesis of TMD nanoribbons will allow the continued 
expansion of modularity of composition, phase, and edge structures towards 
wide ranging applications in conjunction with reduced dimensionality which 
will aide in exploiting the desired phenomena. 
 The Kempa group has pioneered a novel strategy to generate prescribed 
surfaces that can direct the anisotropic growth of TMD crystals significantly 
enough to influence their physical properties. . A scheme of this process 





Figure 3.3. Scheme depicting two separate reactions to create both 2D and 1D 
TMD moieties. (a) Chemical vapor deposition reaction of MoO3 and S powders 
utilizing a SiO2 surface yielding isotropic 2D domains. (b) Chemical vapor 
deposition reaction of MoO3 and S powders utilizing a novel Si-Px surface 
yielding anisotropic 1D domains.  
 
In this novel synthesis, a Si-Px surface is generated from the reaction of 
PH3 gas with a H-terminated Si(001) surface. This substrate then forms the 
nominal Si-Px substrate. This Si-Px substrate undergoes the same reaction 
conditions as the canonical 2D TMD growths, but due to the now prescribed 
surface, is directed into a one-dimensional nanoribbon morphology instead of 
the isotropically grown 2D TMD triangular morphological sheet as seen 
normally. The reduced dimensionality resulting from the directed growth has 
demonstrated critical changes in their physical properties which will be 
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discussed in chapter 5. In this chapter, we will discuss hypotheses about how the 
synthetic growth modes proceed and how the concentration of Si-Px influence 
control over the dimensionality of the nanoribbons. 
3.2 Experimental Methods 
Our home-built CVD system is a versatile quartz tube hot-wall reactor 
design with a manifold of mass flow controllers (MKS Instruments, GM50A 
series MFCs) and a closed-loop pressure control system (MKS Instruments, 640B 





Figure 3.4. (a) Photograph of custom-built three zone chemical vapor deposition 
instrument housing substrates for growth of MoS2 nanoribbons. (b) Schematic 
depicting the hot-wall CVD system utilizing a mass flow controller (MFC) 
manifold and closed-loop pressure control circuit. (c) Substrates before growth 
and substrates positioned face-down on ceramic boats for TMD growth. 
 
The manifold and pressure control circuit are both operated through 
custom LabView scripts running on a personal computer. The furnace (Thermo 
Scientific, Lindberg Blue M Three-Zone) has three independently controllable 
zones, each of which measures 25 cm in length and can reach temperatures of 
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1,200 °C. A 400 °C temperature differential setpoint can be applied between 
adjacent zones through the use of thermal inserts (Fig. 3.4). A high-vacuum 
pump (Leybold, LV80 screw pump) is used to evacuate our CVD system to a 
base pressure of 0.01 mtorr and is able safely to manage toxic and pyrophoric 
effluent. The metal sealed GM50A series mass flow controllers on our CVD 
reactor permit highly accurate (1% setpoint accuracy) flow control and are 
accompanied by National Institute of Standards and Technology (NIST) traceable 
calibration sheets. Before all CVD reactions, we thoroughly washed and 
performed bake-out of quartz tubes (Quartz Plus, 22 mm inner diameter, 
25.4 mm outer diameter) at 500 °C for 2 h under a N2 flow of 50 standard cubic 
centimeters per minute (sccm). 
Preparation of Si–Px growth substrates by PH3 treatment 
Silicon wafers (Nova Electronic Materials, p-type 〈001〉, 0.001–0.005 Ω-
cm, thickness 380 ± 25 μm SSP prime-grade Si wafers with two semi-standard 
flats and 2,000 Å ± 5% wet thermal oxide on both sides) were cut into individual 
substrates, each measuring ~ 2 × 2 cm2. These substrates were rinsed with acetone 
and isopropyl alcohol and then cleaned by oxygen plasma treatment (Harrick 
Plasma) for 10 min at a pressure of ~650 mtorr and a radiofrequency power of 
29.6 W. Substrates were then etched for 3 min in buffered hydrofluoric acid (BHF; 
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Transene Company, 10% Buffer HF Improved) to remove all SiO2 (etch rate of 
SiO2 in 10% BHF, ~100 nm min–1). 
After etching, these Si substrates were immediately loaded into the quartz 
tube of our CVD system and the system was evacuated to its base pressure of 
0.01 mtorr within 10 min. Next, our reactor was flushed for 15 min under a 
constant 50-sccm flow of nitrogen (Airgas, 6 N-grade nitrogen with built-in-
purifier). Next, N2 flow was ceased, and the reactor returned to base pressure 
within 2 min. Phosphine gas (Air Liquide, 10% or 20% PH3 in He) was then 
introduced into the reactor at a flow rate of 20 sccm for 10% PH3 or 10 sccm for 
20% PH3. The total reactor pressure was set to, and subsequently maintained at, 
80 torr for the duration of the reaction for 10% PH3 or 40 Torr for 20% PH3 
(PPH3 = 8 torr). The furnace temperature in all three zones was set to rise to 150 °C 
at a rate of 12.5 °C min–1. Once the furnace temperature reached 150 °C, the 
reaction was allowed to proceed for 1 h under a constant flow of PH3. After 1 h, 
PH3 flow was stopped, and the reactor was evacuated to base pressure. The 
reactor was then cooled to room temperature within 10 min, thereby ending the 




Si(001) substrates were treated with total PH3 gas dosages of 26, 60 and 
120 cm3. The CVD reactor temperature was 150 °C.  
Synthesis of 1D MoS2 crystals 
The PH3-treated Si substrate mentioned above was immediately loaded 
into a clean quartz tube containing molybdenum (VI) oxide (Strem Chemicals, 
99.999%) and sulfur (Sigma-Aldrich). The solid precursors were contained within 
two alumina crucibles (MTI, high-purity 50 × 5 × 5 mm3 combustion boats) in the 
following quantities: (1) 0.015 g and 0.104 mmol molybdenum (VI) oxide in one 
crucible, and (2) 0.250 g and 8 mmol sulfur in another. We controlled the position 
of the substrate and solid-phase precursors relative to each other, and also 
relative to the three heated zones of the furnace. The central furnace zone (held at 
650 °C during the reaction) housed the substrate, which was placed face-down 
over the crucible containing molybdenum (VI) oxide. The furnace zone upstream 
of the central zone (held at 250 °C during the reaction) housed the crucible 
containing sulfur. The reactor was subjected to four purge cycles, each of which 
consisted of flushing the reactor for 2 min under a 200-sccm flow of N2. This 
purge process and evacuation to base pressure was complete within 15 min. 
After reaching base pressure, the flow rate of N2 was changed to 20 sccm and the 
furnace temperature was increased from room temperature to 650 °C at a rate of 
14 °C min–1. Once the furnace temperature had reached 650 °C, reactor total 
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pressure was set to 40 torr and the reaction was allowed to proceed for 15 min at 
650 °C. After 15 min, the reactor was rapidly cooled to room temperature under a 
200-sccm flow of N2, thereby ending the MoS2 reaction. For the experiments 
shown in Fig. 3.6, PH3-treated SiO2 substrates were placed downstream of the 
central furnace zone containing PH3-treated Si substrates (this downstream zone 
was also held at 650 °C during the reaction) and were exposed to the MoS2 
reaction conditions described in this section. This positioning of substrates and 
reagents is depicted in Fig. 3.4. 
Scanning Electron Microscopy (SEM) 
High-resolution SEMs were obtained on a Tescan Mira3 GMU SEM 
equipped with a field emission gun and Octane Plus silicon drift detectors for 
energy-dispersive X-ray spectroscopy analysis. ImageJ and MATLAB were used 
to perform statistical analyses of the SEM images of 1D MoS2 crystals to extract 
information on their yield, dimensions, aspect ratio and in-plane orientation. 
Theory 
Cluster Expansion 
Cluster expansions are generalized using models that account for many-
body interactions and are used here to predict the equilibrium structure of Si–Px 
surfaces. For the slabs in this study, we assume that each site can be occupied by 
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either a Si/P atom or a vacancy (only in the outmost layer) based on the (1 × 2) 
dimer-reconstructed cell, as it is known that dimers are formed on the Si(001) 
surface71. Cluster expansion allows for the incorporation of P atoms on the Si 
surface, their penetration into deeper layers and the formation of surface defects. 
We fit the cluster expansion to a set of training structures calculated using 
density functional theory (DFT) using a Bayesian method that improves the 
predictive accuracy of the cluster expansion.72,73 The training set contains 
randomly generated structures with varying P and vacancy concentrations. 
Ground-state structures predicted by the cluster expansion were added back to 
the training set to improve the quality of cluster expansion. For this cluster 
expansion, a total of 114 structures are in the training set and the root mean 
square leave-one-out cross-validation error is 5.4 meV per atom relative to DFT. 
Density Functional Theory (DFT) 
All DFT calculations were performed using the Vienna Ab initio 
Simulation Package (VASP).74 For the Si–P-Vacancy cluster expansion, the 
revised Perdew–Burke–Ernzerhof exchange-correlation functional was used.75 
For calculations involving MoS2, the PBE functional with van der Waals 
dispersion correction was used (denoted as PBE-D3), as it has been shown to 
provide more accurate energetics of MoS2.76–78 The Si_GW, P_GW, H_GW, 
O_GW, Mo_pv and S_GW PBE projector-augmented wave potentials were used, 
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and all VASP calculations were run with accurate precision.79 For the Si–P-
Vacancy training set structures, the Brillouin zone was sampled using grids 
generated by the k-point grid server with a minimum distance of 20 Å between 
real-space lattice points.80 Because of the size of the slabs used for MoS2 
adsorption calculations, only a single k-point at the center of the Brillouin zone 
was used. Gaussian smearing with a width of 0.05 eV was used, and total 
energies were subsequently extrapolated to T = 0. The convergence criteria for the 
electronic self-consistent iteration and ionic relaxation loop were set to 10–4 and 
10–3 eV, respectively. 
3.3 Discussion 
The synthesis of TMD nanoribbons utilizing a novel synthetic design is of 
significant interest to the TMD community. Understanding the results and 
rationales belying this method is critical to spreading its use as a mainstream 
technique in the TMD community. A scanning electron micrograph showing a 
single MoS2 nanoribbon is presented here (Fig. 3.5). 
 
Figure 3.5. High resolution scanning electron micrograph of a single 1D MoS2 
crystal. The edges of the nanoribbon appear smooth and without significant 




This material has several features that require understanding how the 
synthetic process unfolds to then understand how to best deterministically 
modulate those characteristics. First, we note that in this micrograph the edges 
are exceptionally smooth along its length. Second, the width of this nanoribbon 
(~ 200 nm) approaches technologically relevant widths, which are considered 
widths below 50 nm. Nanoribbons of widths significantly lower than exhibited 
here will exhibit quantum confinement effects and may undergo phase change to 
a metallic state motivating us to further understand how this growth process 
functioned. 
To first confirm that the Si-Px substrate was uniquely directing the growth 
of anisotropic nanoribbons, we also examined the canonical MoS2 reaction not 
only on phosphinated (PH3) Si (001) surface, but a phosphinated SiO2 surface. 
This was to ensure that the PH3 conditions could not interact with the inert SiO2 
surface as it could with the Si (001) surface. A micrograph showing similar 2D 
characteristics to canonical 2D TMD growths is shown (Fig. 3.6). In this reaction 
the SiO2 likely did not react with the PH3 gas at the relatively mild temperatures 




Figure 3.6. Scanning electron micrographs of 2D MoS2 grown on SiO2 substrates 
that have had PH3 flown over the substrates. No deviation from using SiO2 
substrates was observed. Scale bars, 10 μm. 
 
Now that the deterministic role of PH3 dosage on a Si(001) substrate was 
established, we investigated the evolution of the one-dimensional moieties on the 
surface. Increasing the overall dosage from 0.01 to 8 Torr yielded significant 
changes in morphology. PH3 flow and reaction pressure during surface 
functionalization were modified to many different values while the MoS2 growth 
procedure was kept constant. An extremely low PH3 dosage at 0.01 Torr was 
found to induce serration and disruption along the triangular 2D material edges 
(Fig. 3.7) whereas growths at 8 Torr yielded moieties exhibited in Fig. 3.5. This 
result corroborated the idea that PH3 surface concentration significantly 




Figure 3.7. Scanning electron micrograph of a TMD crystal on a Si-Px surface that 
has been functionalized with a low dose of PH3 at 0.01 Torr. Disruption of edge 
fidelity is apparent, but anisotropic growth does not commence at this low dose. 
 
This designer substrate method is novel in the TMD community and 
presents an exciting approach to utilizing prescribed material-substrate 
interactions to coax out new material properties. Previous efforts in materials 
science have utilized surface functionalization for various materials, such as self-
assembled monolayers (SAMs) that have been both used as a material 
themselves and as a building block for a variety of materials.81,82 However, no 
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such prescribed method has significantly altered the morphology and properties 
of TMD crystals to this degree.   
Next, we wanted to investigate the genesis of the anisotropic growth 
mode. Normally, during the concerted growth of 2D TMDs on conventional 
substrates like SiO2, there is a seed nucleus which diffuses out laterally to form 
the 2D material as mentioned in Chapter 2 (Fig. 3.8).  
 
Figure 3.8. High resolution scanning electron micrograph visualizing the 
extrusion of a one-dimensional moiety from a two-dimensional seed crystal. 
Scale bar, 500 nm. Inset: schematic depicting the proposed direction of growth of 





As mentioned in Chapter 2, there has been some effort in tracking the 
evolution of an initial nucleosome towards a 2D sheet morphology. However, 
analogously arresting growth of these nanoribbons early in the process does not 
yield 2D seeds with a shorter nanoribbon extrusion as might be expected by Fig. 
3.8. This implies the near instantaneous effective transition from a 2D “seed” into 
a 1D nanoribbon and a rapid directed growth rate. This is reinforced by not 
currently observing a significant relationship between reaction time and 
nanoribbon length. Further, it is clear that the size of the 2D “seed” is of 
paramount importance when considering the width of the nanoribbon in 
question, as can be seen in Fig. 3.8. The nanoribbons in many cases possess 
widths on the order of one half an edge length of a 2D seed. It is unknown 
currently which parameters promote larger or smaller 2D crystal domains on a 
Si-Px substrate, though chapter 4 discusses a strategy to influence this parameter 
during growth. In previous work on primarily SiO2, the size of 2D MoS2 and 
other TMDs has primarily focused on increasing lateral size of 2D TMD domains 
for use in practical technologies.83–85 However, in this use case it would behoove 
the community to discern routes towards smaller 2D seeds and therefore 
narrower nanoribbons towards interesting phenomenological effects.  
Though the synthesis of smaller 2D domains will be an advantageous 
route in the synthesis of narrower nanoribbons, we turned to modulation of the 
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surface directing moieties to alter the growth of these materials. In this work it 
has been determined that there is an inverse in the relationship between PH3 
dose and nanoribbon width (Fig. 3.9). Many different parameters, including 
varying PH3 flow, pressure and duration of exposure, were modulated to 
uncover specific conditions amenable to nanoribbon growth. Small deviations in 
hold time and therefore total dosage can create a large deviation in nanoribbon 
results. This suggests that the width is a very sensitive function of PH3 dosage as 
Small variations (<10%) in the PH3 dosage volume exhibited greatly different 
results. The specificity of the volume of gas delivered over the surfaces is 
extremely high due to the precise delivery of gaseous reactants from mass flow 
controllers as shown in Fig. 3.4. For example, a sample with 26 mL of PH3 gas 
during functionalization achieved an average nanoribbon width of 50, however, 
a sample with 30 mL of PH3 achieved an average nanoribbon width of ~ 70 nm.  
Similarly, small variations in growth conditions during 2D TMDs do not yield 
similar magnitude differences in quality or quantity of materials. These 
observations cement the precarious nature of the designer surface and reinforce 
the robust nature of the synthesis of 2D TMDs. 
The culmination of this work was uncovering the relationship between 
PH3 dosage and nanoribbon width, an important quantity. Width distributions 
for nanoribbons derived at three different PH3 dosages show the ability to tune 
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the morphology of MoS2 nanoribbons through surface functionalization (Fig. 
3.9).  
 
Figure 3.9. Width distributions for 100 randomly sampled 1D MoS2 crystals 
grown on Si (001) surfaces treated with PH3 dosages of 26, 60, and 120 mL from 
top to bottom respectively. The average width of the three conditions was 50, 
155, and 430 nm from lowest PH3 dose to highest. 
 
We note that the overall nanoribbon width control ranges from  
nanoribbons below 50 nm width (~ 35 nm) nanoribbons to ~ 550 nm width 
nanoribbons. This control utilizing a simple functionalization concentration 
change is a useful method in using designer substrates methods towards scalable 
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growth of 1D TMD moieties. Representative micrographs of nanoribbons from 
each condition are shown (Fig. 3.10). 
 
Figure 3.10. Representative scanning electron micrograph images taken at low 
(top) and high (bottom) magnifications of 3 different 1D MoS2 nanoribbon 
samples synthesized on Si (001) substrates that were treated with 26 (left), 60 
(middle), and 120 (right) mL. Width data was taken from micrographs such as 
these and for the distributions shown in Fig. 3.9. Red boxes denote clear single 
MoS2 nanoribbons. Scale bars for the 50 nm average sample: 1 μm (top) and 100 
nm (bottom). Scale bars for 155 nm average sample: 5 μm (top), 500 nm (bottom). 
Scale bars for 430 nm average sample: 10 μm (top), 1 μm (bottom). 
 
Following this intriguing result, we sought to understand further how the 
surface interacted with the incipient crystals and what possible mechanisms 
might explain this PH3 dependance and the oft-occurring extrusion originating 
from a 2D seed. First, theoretical DFT calculations were taken to discern the 
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surface energies of several surface configurations and their interfacial energetic 
relationship to a small MoS2 test crystal (Fig. 3.11). 
 
Figure 3.11. (a) DFT calculation results showing adsorption energy between an 
incipient MoS2 crystal modeled as a 126-atom test particle and a P-P dimer covered 
surface (salmon), a Si-P dimer covered surface (purple) and a α-quartz (001) 
surface modelling SiO2 (yellow). (b) 126 atom MoS2 test particles adsbored on SiO2, 




Second, cluster expansion calculations were performed to generate a 
theoretical snapshot of the surface before any disruption from the growth of the 
MoS2 nanoribbons (Fig. 3.12). 
 
 
Figure 3.12. Side and top views of a representative Monte Carlo snapshot of the 
Si-Px surface in equilibrium at 150 °C (the functionalization temperature) and 
PH3 partial pressure of 8 Torr. Blue and salmon spheres correspond to Si and P 
atoms in the surface dimers respectively. Si atoms not in the top monolayer are 
depicted as gray spheres.  
 
Several conclusions from these results can be made. First, the Si-P surface 
energy is the lowest with a MoS2 crystal when compared to SiO2 or P-P dimer 
rows. When examining the Monte Carlo snapshot of the Si-Px surface shown in 
Fig. 3.12, we see that the two dominant species on the surface are P2 and Si-P 
dimers. When combined with the DFT calculations, it is likely that the 2D seed 
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hypothesized to be the initial nucleosome for these nanoribbons, as exhibited in 
Fig. 3.8, deposits on the Si-P dimer domains and not P2 domains. Understanding 
the effect of changing growth conditions, in contrast to the changing surface 
functionalization conditions as done here, is critical to understanding the whole 
picture of designer surface mediated nanoribbon growth. Growth modulation 
and subsequent consequences on the idea of this mechanism is explored chapter 
4. 
The development of utilizing prescribed designer substrates to modulate 
the dimensionality of MoS2 nanoribbons is an important step in the advancement 
of one-dimensional TMD materials. Importantly, we observe that the 
morphology of the nanoribbons is further tunable through simple tuning of the 
PH3 dosage. However, we note that the designer surfaces are sensitive to reaction 
environments and require more investigation to fully understand the underlying 
mechanisms regarding these anisotropic growth modes.   
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Chapter 4: Modulation of Growth Modes in MoSe2 
Nanoribbons Through Designer Surface Disruption 
The work in this chapter has been submitted as: 
E. C. Sadler, T. Chowdhury, R. Dziobek-Garrett, Li, C. T. Mueller, T. J. Kempa 
“Substrate Templated Synthesis of MoSe2 Nanoribbons” 
Submitted to ACS Applied Materials and Interfaces 
4.1 Introduction 
Nanoribbons of  MoS2 have been synthesized previously, however, in 
developing our novel designer substrate technique we realized the need for 
bottom-up TMD nanoribbon growth needed to expand to other compositions.1–3 
2D MoS2 requires the lowest reaction temperature out of the Mo and W 
containing TMD family due to the lower vaporization temperature of Mo 
compared to W and S compared to Se. These less intense conditions have proved 
useful for a variety of bottom-up syntheses, including previous work discussed 
in chapter 3 to create bottom-up grown nanoribbons, making MoS2 an attractive 
option to explore new chemical interactions such as in the designer substrates.  
However, much research has been carried out on the fabrication of low-
dimensional MoSe2 mono- and few-layer materials due to their attractive 
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properties that MoS2 does not possess. The selenide family of TMDs presents 
entirely new capabilities compared to the sulfide family. For instance, when 
comparing MoSe2 to MoS2, the selenide optical emission range lies at a lower 
energy than its counterpart.4–6 The selenide family (MoSe2, WSe2) have also 
shown promise in single photon emission due to its intrinsically narrower line 
profile in optical emission which is not seen in the sulfide family.7–9 MoSe2 has 
also exhibited higher field effect mobilities than that of MoS2 as shown in several 
studies and MoSe2 has exhibited superior photodetection capabilities due to its 
weaker bound exciton behavior.4,10–14 Finally, the selenide family of TMDs have 
shown promise in spin and valley applications for quantum computing that the 
sulfide family has not, which may be the most important application of low-
dimensional materials. (Fig. 4.1).15–22 MoS2, however, is superior in many catalytic 
applications, such as the hydrogen evolution reaction, due to its more chemical 





Figure 4.1.15 (a) Optical micrograph showing a MoSe2/WSe2 heterostructure 
rotated at different angles for different grains. (b) Photoluminescence spectra for 
the heterostructure domain rotated 20° (blue) and 2° (red). There is an almost 2 
orders of magnitude increase in the spectral intensity for the 2° rotated sample. 
 
In their two-dimensional variety, MoS2 and MoSe2 share many similarities. 
Their crystal structures are both hexagonal varieties that occur in multiple 
polymorphs with the lowest energy being a ‘2H’ phase, which is the most 
common allotrope created in gas-phase growths. Further, they both have shifts in 
their Raman spectra from the decreased dielectric screening in the monolayer 
variant that are useful identification signatures, possess indirect-to-direct 
bandgap transitions with decreasing layer number and intense 
photoluminescence spectral features that make for ready identification.5,28–30 Both 
2D materials, MoSe2 and MoS2, grow morphologically as triangles during 
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bottom-up gas phase synthesis. Generally, the same sort of reactions parameters, 
materials components, such as oxides and chalcogens, are used in CVD 
techniques for MoS2 and MoSe2.  
However, the syntheses for MoS2 and for MoSe2 2D monolayers exhibit 
several key differences. First, as mentioned earlier, harsher reaction conditions 
are needed to complete the synthesis of MoSe2 compared to MoS2 . This comes in 
the form of significantly higher temperatures (650 vs. 800 °C) and the presence of 
H2 gas during the growth of MoSe2 monolayers where no such requirement 
exists in the synthesis of 2D MoS2.4,6,31–33 This H2 requirement is due to the lower 
reactivity of the Se reactants versus the S reactant. Additionally, most MoSe2 
syntheses are done over a much briefer time period than their MoS2 counterparts. 
Additionally, in the fabrication of devices and measurement, MoSe2 is an overall 
more robust material, able to withstand transfer, etching, and other processes 
more readily than its MoS2 counterpart. Additionally, the robustness manifests in 
characterization techniques and post-synthetic modification, particular electron 
microscopy where beam irradiation and other concerns are lessened with 
MoSe2.34 Early efforts at MoSe2 monolayer synthesis have generated large domain 
MoSe2 crystals that exhibit characteristic optical properties (Fig. 4.2).33 These early 
steps in creating low-dimensional MoSe2 has been of great importance and acts 
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as the building block of guiding our designer growth technique towards other 
compositions, such as MoSe2, as exhibited for MoS2 in chapter 3.  
 
Figure 4.2.33 (a) Schematic depicting a traditional setup of a two-dimensional 
MoSe2 synthesis. (b) Optical micrograph of a large 2D MoSe2 domain. (c) 
Photoluminescence spectra of a MoSe2 flake taken at both the edge and center 
regions showing slight energy differences between edge and interior regions.  
 
Top-down methods can be readily used in the pursuit of one-dimensional 
MoSe2 and are only limited by the difficulty of the previous 2D synthetic 
procedures. However, the same problems for creating 1D materials from top-
down methods such as scanning probes and electron beams, as discussed in 
chapter 3, are present. Namely, the lower quality edge structure, the 
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impossibility of bottom-up grown 1D heterostructures, and the serial nature of 
the top-down techniques all lead to an inadequate method towards the wide 
scale adoption of 1D nanoribbon moieties in the selenide family of TMDs.35–37 
To fully exploit the full functionality TMD nanoribbon materials for 
applied technologies, there exists a need to translate scalable bottom-up methods 
to multiple TMD compositions, beyond MoS2. Beyond their different intrinsic 
properties across the Mo and W family of TMDs, TMDs that are heterostructures 
of different monolayers of material have proved extremely powerful for a variety 
of applications as discussed in Chapter 1. These heterostructures motivated us to 
explore further compositions utilizing our designer surface method. Importantly, 
the expansion of this designer technique strategy and the evolution of planar 
nanoribbon van der Waals heterostructures will allow the utilization of 
dimensional confinement for directed tuning of excitonic properties. When 
combined with other methods of excitonic control, such as Moire interference 
patterns, excitonic phenomena will be able to be manipulated even further and 
have with the combination of dimensional confinement and Moire 
heterostructure effects in either the selenide or mixed sulfide-selenide family15,38–
42 Further, the designer surface method, while promising in being able to create 
bottom-up grown narrow nanoribbons, needed to be scaled to other material 
compositions to prove its utility in the TMD community.  
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We note that the few attempts before now at scalable bottom-up growth 
have centered on MoS2, being the canonical TMD material, with methods 
discussed in the last chapter.  We do note the existence of techniques to fabricate 
MoSe2 nanoribbons through other techniques, notably using MBE with pre-
patterned Au surfaces and unique phase transitions at low areal coverages.43–45 
For example, Chen et al. demonstrated the use of MBE towards synthesis of TMD 
nanoribbons (Fig. 4.3).44 This was done through a morphological phase transition 
from 0D to 1D materials. However, this suffers from the usual MBE 
shortcomings, such as its serial nature, which limits its scalability and 
applicability. However, the materials generated are exceptional monodisperse in 
thickness, width, and aspect ratio compared to other bottom-up growth methods 
discussed in Chapter 3. MBE methods afford high control over all of these 
parameters. Another method, utilizing similar fine control over materials 
effusion, was employed on an Au(100) surface, exploiting its advantageous, 
highly ordered surface.45 When the ratios of Se and Mo atoms were tuned 





Figure 4.3. (a) Schematic illustrating the use of MBE techniques to evaporate Mo 
and Se atoms onto a substrate. Temperature control of the substrate induces 
either 2D or 1D growth.44 (b) Scanning tunneling micrographs demonstrating the 
process of creating ultranarrow MoSe2 nanoribbons grown on Au (100) by 
evaporating Mo and Se atoms on to the surface.45 
 
While those bottom-up methods were scalable but yielded lower quality 
material, these two methods yield exceptional materials with little to no avenues 
towards widespread adoption of the technique due to its instrumentation 
requirements. Though these methods allow probing of properties of MoSe2 
nanoribbon materials, the method used imparts characteristics onto the material 
as seen previously, such as edge structure, fidelity, width, aspect ratio, and 
surface orientation. To this end, more generalizable bottom-up methods towards 
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the selenide family of TMD nanoribbons is required. This work presents an 
important step in expanding the methods available to create selenide based one-
dimensional TMDs. A generalized scheme showing the modulation of MoSe2 
nanoribbon morphology with varying growth conditions is shown (Fig. 4.4). 
 
Figure 4.4. Generalized scheme showing the process of PH3 functionalization at 
low temperatures to create a Si-Px designer substrate as discussed in chapter 3. 
Second step shows the use of oxide and selenium powder at 700 °C to form 
MoSe2 nanoribbon moieties that have decreasing widths with increasing H2 
during the growth. 
 
 
The expansion of our novel designer growth techniques towards new 
chemical compositions not only will confirm the scalability and utility of this 
method, but potentially allow for planar 1D heterostructures that have not been 
synthesized through bottom-up methods previously. Lateral confinement of 
these nanoribbons alter the physical characteristics as discussed in the next 
chapter and undoubtedly will manifest in interesting ways in vertical 
heterostructures. However, the effect of extensive lateral confinement of inter 
layer excitons between two different material compositions have not been 
116 
 
explored. This synthetic breakthrough, coupled to the previous chapter’s work, 
will allow the modulation of physical material morphology to study the effect of 
changing dimension on interlayer effects.  
4.2 Experimental Methods 
Preparation of Si–Px Growth Substrates by PH3 Treatment 
Silicon wafers (Nova Electronic Materials, p-type 〈001〉, 0.001–0.005 Ω-
cm, thickness 380 ± 25 μm SSP prime-grade Si wafers with two semi-standard 
flats and 2,000 Å ± 5% wet thermal oxide on both sides) were cut into individual 
substrates, each measuring ~ 2 × 2 cm2. Substrates were then etched for 3 min in 
buffered hydrofluoric acid (BHF; Transene Company, 10% Buffer HF Improved) 
to remove all SiO2 (etch rate of SiO2 in 10% BHF, ~100 nm min–1). 
After etching, these Si substrates were immediately loaded into the quartz 
tube of our CVD system and the system was evacuated to its base pressure of 
0.01 mtorr within 10 min. Next, our reactor was flushed for 15 min under a 
constant 50-sccm flow of nitrogen (Airgas, 6 N-grade nitrogen with built-in-
purifier). Next, N2 flow was ceased, and the reactor returned to base pressure 
within 2 min. Phosphine gas (Air Liquide, 20% PH3 in He) was then introduced 
into the reactor at a flow rate of 20 sccm. The total reactor pressure was set to, 
and subsequently maintained at, 40 torr for the duration of the reaction 
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(PPH3 = 8 torr). The furnace temperature in all three zones was set to rise to 150 °C 
at a rate of 12.5 °C min–1. Once the furnace temperature reached 150 °C, the 
reaction was allowed to proceed for 1 h under a constant flow of PH3. After 1 h, 
PH3 flow was stopped and the reactor was evacuated to base pressure. The 
reactor was then cooled to room temperature within 10 min, thereby ending the 
PH3 treatment reaction.  
Width Control 
Si(001) substrates were treated with a total PH3 gas dosage of 120 cm3 for 
all widths. The CVD reactor temperature was 150 °C. The carrier gases 
introduced were N2 and H2. N2 was held constant at 8 sccm while the flow of H2 
was increased from 2 sccm to 5 sccm and finally 8 sccm. The reactor pressure was 
held at 40 Torr for all reactions. 
Synthesis of 1D MoSe2 Crystals 
The PH3-treated Si substrate mentioned above was immediately loaded 
into a clean quartz tube containing molybdenum (VI) oxide (Strem Chemicals, 
99.999%) and sulfur (Sigma-Aldrich). The solid precursors were contained within 
two alumina crucibles (MTI, high-purity 50 × 5 × 5 mm3 combustion boats) in the 
following quantities: (1) 0.010 g molybdenum (VI) oxide in one crucible, and (2) 
0.140 g selenium in another. We controlled the position of the substrate and 
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solid-phase precursors relative to each other, and also relative to the three heated 
zones of the furnace. The central furnace zone (held at 700 °C during the 
reaction) housed the substrate, which was placed face-down over the crucible 
containing molybdenum (VI) oxide. The furnace zone upstream of the central 
zone (held at 700 °C during the reaction) housed the crucible containing 
selenium. The reactor was subjected to purging with N2 prior to starting any 
reaction. This purge process and evacuation to base pressure was complete 
within 15 min. After reaching base pressure, the flow rate of N2 was changed to 
8 sccm and the furnace temperature was increased from room temperature to 
700 °C at a rate of 84.4 °C min–1, while pressure was maintained at 40 Torr. Once 
the furnace temperature had reached 700 °C, reactor total pressure was 
maintained at 40 torr and the reaction was allowed to proceed for 10 min at 
700 °C. After 15 min, the reactor was rapidly cooled to room temperature under a 
200-sccm flow of N2, thereby ending the MoSe2 reaction. 
Scanning Electron Microscopy (SEM) 
High-resolution SEMs were obtained on a Tescan Mira3 GMU SEM 
equipped with a field emission gun and Octane Plus silicon drift detectors for 
energy-dispersive X-ray spectroscopy analysis. ImageJ and MATLAB were used 
to perform statistical analyses of the SEM images of 1D MoSe2 crystals to extract 





Cluster expansions are generalized Ising models that account for many-
body interactions46and are used here to predict the equilibrium structure of Si–Px 
surfaces. For the slabs in this study, we assume that each site can be occupied by 
either a Si/P atom or a vacancy (only in the outmost layer) based on the (1 × 2) 
dimer-reconstructed cell, as it is known that dimers are formed on the Si(001) 
surface.47 Cluster expansion allows for the incorporation of P atoms on the Si 
surface, their penetration into deeper layers and the formation of surface defects. 
We fit the cluster expansion to a set of training structures calculated using 
density functional theory (DFT)48 using a Bayesian method that improves the 
predictive accuracy of the cluster expansion.49 The training set contains randomly 
generated structures with varying P and vacancy concentrations. Ground-state 
structures predicted by the cluster expansion were added back to the training set 
to improve the quality of cluster expansion. For this cluster expansion, a total of 
114 structures are in the training set and the root mean square leave-one-out 






All DFT calculations were performed using the Vienna Ab initio 
Simulation Package (VASP).50 For the Si–P-Vacancy cluster expansion, the 
revised Perdew–Burke–Ernzerhof51 exchange-correlation functional was used. 
The Si_GW, P_GW and H_GW PBE projector-augmented wave potentials were 
used52, and all VASP calculations were run with accurate precision. For the Si–P-
Vacancy training set structures, the Brillouin zone was sampled using grids 
generated by the k-point grid server53 with a mini-mum distance of 20 Å between 
real-space lattice points. Gaussian smearing with a width of 0.05 eV was used, 
and total energies were subsequently extrapolated to T = 0. The convergence 
criteria for the electronic self-consistent iteration and ionic relaxation loop were 
set to 10–4 and 10–3 eV, respectively. 
Monte Carlo Simulations 
Simulated annealing was performed to find the equilibrium structures of 
the Si-Px surfaces. For each PH3 partial pressure, Monte Carlo simulation54 was 
run from a high temperature (1300 °C) and then decreased in steps by a factor of 
40.05 until 150 °C. At each temperature, the number of Monte Carlo iteration was 
1,440,000 on a 24x12 supercell. The chemical potential of P was adjusted by 
kBTln(p / p0) , where T is the temperature, p is the PH3 partial pressure, and po is 
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the reference pressure. The thermodynamically averaged P coverage was 
recorded during the Monte Carlo sampling at 150 °C. 
4.3 Discussion 
As mentioned previously, there are both similarities and differences 
between MoS2 and MoSe2 2D material synthesis. These differences also applies to 
the bottom-up gas phase synthesis of one-dimensional moieties of these TMDs. 
Both syntheses generally involve the heating of a Mo containing oxide and, at a 
lower temperature, the volatilization of the chalcogen in question. The ratio of 
Mo containing oxide and the chalcogen has been shown to be critical to 
formation of these materials, albeit different ratios are ideal for each material.32  It 
is currently not known how the chalcogen and metal source ratio impacts the 
growth of one-dimensional moieties utilizing the designer substrate method and 
remains an open question.  
However, there are several key differences in the synthesis of MoS2 and 
MoSe2 that greatly affect the ability to synthesize one-dimensional MoSe2 
compared to MoS2. The chemical reactivity of Se is lower than that of S as a 
periodic trend. This necessitates the use of a reducing agent, in this case H2, to 
facilitate the reduction of the parent MoO3 material into MoSe2.4,31,33 In 2D 
synthesis of MoSe2, H2 gas is a common additive to the carrier gas. In 2D MoSe2 
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growth, there is no issue with the addition of H2 gas. However, the reduction 
environment likely has a negative impact on the designer surface (Si-Px) 
environment. The P moieties on the surface, as discussed in Chapter 3, are likely 
very labile species that are extremely sensitive to their environment.55 Though 
heating during the reaction undoubtedly damages the designer surface, as seen 
in temperature programmed desorption data, the addition of a strong reducing 
species further limits the effectiveness of the surface.55 The original Si surface 
(after HF etching and before PH3 introduction) is H-terminated Si.56–60 When PH3 
is introduced into the chamber, some fraction of the H-terminated surface sites 
are chemical reacted to form a mixture P terminated Si sites and P-P bridging 
dimers. It should be noted that 2D MoS2 has also been made within a H2 or H2S 
environments in many previous studies and understanding the role of H2 may be 
advantageous not solely for the selenide family of TMDs.61–64.  
The rapid synthesis time of MoSe2 compared to MoS2 nanoribbon 
synthesis from chapter 3 (18 vs. 60 min) likely plays a crucial role in preserving 
the designer surface at our relevant temperatures (700 °C).   Reaction trials using 
the same temperature ramp and hold times as the MoS2 nanoribbons resulted in 
only bulk MoSe2 material being formed. This result was consistent with long 
reaction times during the deposition of 2D MoSe2 on SiO2 as well where 
primarily bulk MoSe2 crystals are observed. It is likely that long temperature 
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ramp times adversely impact the Si-Px substrate and with the addition of H2 
degrades the surface towards H-terminated Si(001) beyond usability for substrate 
directed growth. Due to these observations we turned to shorter reaction times to 
preserve the Si-Px surface. 
By utilizing these conditions as outlined in section 4.2, we successfully 
synthesized MoSe2 nanoribbons (Fig. 4.5). We note that the MoSe2 nanoribbons 
share many similarities to MoS2 nanoribbons from chapter 3. For instance, we see 
a high quality edge structure along the length of the nanoribbon and a leading 
edge termination that is consistent with one-dimensional MoS2. However, when 
modulating the proportion of H2 gas in our reactor during the growth of MoSe2 





Figure 4.5. Scanning electron micrograph of a single MoSe2 nanoribbon grown 
with 5 sccm of H2 and 8 sccm of N2 as the carrier gas. The edge structure appears 
similar to that of the MoS2 nanoribbons from chapter 3. Scale bar, 500 nm. 
 
To understand the overall effect that addition of H2 gas in the carrier gas 
had on the product on the synthesis, we utilized three different N2 to H2 ratios 
for carrier gases while maintaining the same PH3 dosage in the substrate 
treatment step. Fig. 4.6 shows low magnification SEM images of samples 




Figure 4.6. Representative low-magnification scanning electron micrographs of 
1D MoSe2 nanoribbons generated through chemical vapor deposition growth 
with different carrier gas ratios while maintaining the same PH3 dose for the Si-
Px substrate. The carrier gas ratios were 1:4, 5:8, and 1:1 of H2:N2 from top to 
bottom respectively. Scale bars are 1 μm, 500 nm, 200 nm from top to bottom 
respectively.  
 
We notice several features in these micrographs. First, these nanoribbons 
exhibit varying widths, lengths, and therefore, aspect ratios, which are discussed 
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later. Second, we notice the first indication that the concentration of H2 will play 
an important role in the synthesis of these nanoribbons. In the 1:4 H2 to N2 gas 
ratio sample, many of the nanoribbon moieties have bulk MoSe2 moieties on their 
seed regions. This is consistent with the reducing H2 environment and earlier 
assertions regarding the limited reduction ability of Se. At lower H2 
concentrations, some of the MoO3 material does not get reduced fast enough and 
vertical growth accompanies the lateral and directed growth observed. We notice 
some, but fewer, of these species in the 5:8 gas ratio sample in Fig. 4.5, and 
observe almost none in the 1:1 gas ratio consistent with this hypothesis. Lastly, 
the highest H2 concentration synthesis yields a majority of nanoribbons that taper 
along their length, similarly to some of the randomly generated tapered samples 
from MoS2 nanoribbon synthesis in the previous chapter. Notably this tapering 
effect appears to be more controllable by modulating the H2 concentration in the 
reaction. 
To probe the effect of H2 concentration on the morphology of the 
nanoribbons, the widths, lengths, and aspect ratios were assayed using a high 
number of individual nanoribbons (N = 200). The first key quantity, width, is 




Figure 4.7. Width distributions for MoSe2 nanoribbons synthesized using three 
discrete H2:N2 carrier gas ratios. N = 200. The average nanoribbon width from 
these distributions is 483 nm, 307 nm, and 174 nm from least to greatest H2 
content respectively.  
 
We see a clear shift in the average width across these samples from 485 
nm to 174 nm at the narrowest (highest H2) sample. The distribution dispersion is 
fairly centered around the mean for both the highest and lowest H2 content. The 
intermediate H2 concentration does contain a significant dispersion with samples 
exhibiting extremely narrow and wider nanoribbons, but the majority of samples 
generated from this method are near the average of 307 nm. The narrowest 
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widths generated here are not as narrow as the limit achieved thus far in the 
synthesis of MoS2 nanoribbons (50 nm average). However, we stress that the PH3 
dosage used in the narrowest condition in the previous chapter was 26 mL of 
PH3 and this set of reactions utilized 60 mL of PH3 which was the dosage that 
yielded, on average, 155 nm width MoS2 nanoribbons. Controlling for PH3 
dosage, the MoSe2 nanoribbons achieved remarkable similar nanoribbon widths 
compared to the MoS2 synthesis. Additionally, the aspect ratios are greater at 
higher H2 concentrations (Fig. 4.8). Though this phenomenon is not as well 
significantly correlated as width, further research into aspect ratio control will 
positively affect these quasi 1D materials for applied research for ease of 
integration with existing fabrication techniques. However, we note that the 
lowest H2 concentration has by far the lowest average aspect ratio. This 
reinforces the earlier hypothesis that the lack of reduction due to limited H2 
caused vertical growth into bulk moieties and less Mo and Se atoms were 






Figure 4.8. Aspect ratio distributions for MoSe2 nanoribbons synthesized using 
three discrete H2:N2 carrier gas ratios. N = 200. The average nanoribbon width 
from these distributions is 3.7, 6.9, and 5.1 from least to greatest H2 content 
respectively.  
 
 The inverse relationship between H2 concentration and nanoribbon width 
is both intriguing and possibly technologically relevant. Obviously ultranarrow 
nanoribbons are ideal for technologies that seek to exploit strained edges and 
quantum confinement effects in a one dimensional moiety. In this work we 
sought to examine the extent to which this designer substrate method could be 
used in the generation of TMD nanoribbons. As H2 gas is a necessary component 
to the selenide family of TMDs, it is imperative to understand the effect of H2 on 
nanoribbon quality. Further, by understanding the effect H2 exerts on this 
system, we will gain insights into how to adapt our designer substrate growths 
to varied low-dimensional material growth conditions.   
 The appearance of tapering is widely apparent in the highest H2 
concentration and required further investigation. We assayed several 
nanoribbons from each H2 partial pressure synthesis and plotted the percent 
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change in their edge-to-edge width at a fixed distance along their length for each 
nanoribbon when starting at their midpoint as demonstrated in the scatterplots 
shown (Fig. 4.9).  
 
Figure 4.9. Scatterplots showing the percent change in the width from the central 
point of MoSe2 nanoribbons to 350 nm longitudinally down the nanoribbon. N = 
40. The three scatterplots correspond to the three different H2:N2 carrier gas ratios 
utilized to create significantly different width nanoribbons. Representative high 
magnification scanning electron micrographs of each condition accompany the 
scatterplots. Scale bars are 1 μm, 500 nm, 200 nm for the lowest H2 to highest H2 




In these scatter plots we note that the lowest and intermediate 
concentrations of H2 in the carrier gas display little to no deviation of width in 
the aggregate. This is reinforced from Fig. 4.6 displaying low magnification 
micrographs of representative nanoribbons for each condition. However, when 
examining the highest H2 concentration we note that the nanoribbons decidedly 
have much more tapering and width changing along their length. Further, we 
wanted to investigate whether this tapering effect was gradual or terraced. To 
this end, we recorded the retention of width as a function of length along the 
nanoribbon at four points along the nanoribbon (Fig. 4.10). 
 
Figure 4.10. Scatterplot showing how the width of MoSe2 nanoribbons changes 
from the central point of a nanoribbon up to 400 nm longitudinally along the 
nanoribbon for MoSe2 nanoribbons synthesized at 1:1 H2:N2 conditions. On 
average, a generally gradual decline in the width along its length is observed. All 





These data demonstrate that the tapering process is gradual on average. 
When compared to Fig. 5.3, we note that while the tapering on those MoS2 
nanoribbons were gradual, they were gradual in a different way. The process 
exhibited in those nanoribbons shows several terraced decreases in width where 
the edge structure at any given point is unchanging. These MoSe2 nanoribbons 
shown in both Fig. 4.9 and Fig. 4.6 appear to have a smooth tapering over much 
of the length of the MoSe2 nanoribbon moieties.  
 In the previous chapter we asserted a possible mechanism for the positive 
relationship between PH3 dosage and nanoribbon width. In those conditions 
without H2 gas we saw that less PH3 directly lead to significantly narrower 
nanoribbons. Additionally, as discussed previously, the P-containing moieties on 
the Si surface are likely very labile and susceptible to abstraction by a reducing 
species. As hydrogen gas is a reducing agent, we can combine the previous 
assertion and this data to surmise that increasing H2 concentration leads to less 
surface sites occupied by a P-containing moiety, whether that be Si-P dimers or 




Figure 4.11. Schematic illustrating the proposed mechanism of growth of 
anisotropic TMD nanoribbons. In the left image the 2D seed is on a continuous 
domain of Si-P dimers and continues to grow isotropically. In the right image, 
two edges are interrupted in their growth by unfavorable P2 dimer domains and 
growth only continues along one edge. 
 
Fig. 4.11. illustrates a possible growth mechanism for when these P 
moieties are stripped by a reducing H2 environment. Previous TPD studies 
confirm that P2 dimers are the first species to be stripped thermally from the 
surface.55 However, H2 as a reductant is a complication in the mechanism of 
desorption that no prior work has examined in this context. We anticipate that H2 
reduction will affect P atoms incorporated in P2 dimers, Si-P dimers, and singlet 
adsorbed P atoms. If this hypothesis is correct, then the domain sizes of all P 
containing moieties on the surface, such as Si-P dimers, are decreasing 
substantially. In this case, the size of the P2 dimers are not as relevant as the 
diminishing size of the 2D MoSe2 seed on a Si-P seed is relevant. As Fig. 4.11 
134 
 
illustrates, the hypothesis contests that as the 2D seed encounters an unfavorable 
surface, such as P2, along any given edge of the 2D seed, that the seed will stop 
growing isotropically. When growth is either arrested or significantly hampered 
in those directions, any remaining surface of satisfactory crystal-substrate 
interaction energies, most likely Si-P dimers, will initiate an anisotropic directed 
growth that yields a TMD nanoribbon moiety.   
 
Figure 4.12. Scatterplot showing the average P atom coverage on a monolayer of 
Si (001) versus the PH3 dose initiated on the surface at 150 °C determined from 
Monte Carlo calculations. Insets: Snapshots of the surface at two relevant PH3 
dosages conditions where their PH3 dosage and overall P atom coverage is color 




Calculations were employed to understand if this hypothesis was 
consistent with theoretical surface configurations. Cluster expansion calculations 
were used to determine the overall coverage of a monolayer of Si (001) that 
would be covered by P-containing moieties with the relevant conditions used 
here (Fig. 4.12). We note several features in this plot that are relevant at our 
reaction parameters. First, the relevant partial pressures of PH3 in this reaction (8 
Torr), lies at one of the two inflection points in the diagram. Second, when 
looking at relevant PH3 dosages (0.01 – 8 Torr), the overall P atom coverage 
remains relatively unchanged for this segment of PH3 dosages. This steady P 
percentage indicates a shift from Si-P formation towards P2 dimer formation. In 
this case, it is likely that critical PH3 dosages must be met to generate a sufficient 
number of P2 dimer regions. However, we do note that it is currently unknown 
how different times of PH3 dosages impact overall P coverage. At present, we do 
not know the exact interaction energies of MoSe2 with different Si-Px surface 
moieties like in MoS2, but it can be assumed to be relatively the same between the 
three surface types discussed in Fig. 3.11. To a rough approximation, the green 
boxed simulation of P dispersion on the surface shown in Fig. 4.12 lies at the PH3 
dosage that was used in these reactions. The red boxed simulation of P 
dispersion on the surface is located at a significantly lowered PH3 dose. 
Comparing these two simulations we notice that the lower dose PH3 possess a 
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low concentration of native Si dimers that disappear when the moderately higher 
P atom coverage is accounted for. Additionally, the lower PH3 dosage exhibits 
small amounts of singly adsorbed P atoms on the surface without dimerization. 
When examining the higher PH3 dose, the simulation yields no Si dimers, no 
singly adsorbed P atoms. However, the simulation does introduce a significant 
fraction of P2 dimers which were discussed in Chapter 3. Based on the hypothesis 
given in Fig. 4.11 and the density functional theory interaction energies in Fig. 
3.11, we believe that the presence of P2 dimers may be needed to create a 
heterogenous surface that is capable of significant nanoribbon growth. We note 
that in the case of MoS2, at extremely low dosages, we noted disruption of the 
crystal growth but only insofar as it yielded serrated edges. More research is 
required to fully understand the surface dynamics at work in this system, but the 
proposed mechanism is consistent with observed results thus far. 
This work lays the foundation for the designer substrate method of 
nanoribbon growth to become a ubiquitous method in one-dimensional TMD 
growth. By demonstrating the utility of this method to create multiple 
compositions of TMDs we have shown the applicability to many of the 
interesting heterostructure systems currently studied in 2D vertical 
heterostructures. Additionally, the control over nanoribbon morphology by H2 
concentration is a key finding that, when coupled to controlling the PH3 dosages 
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in chapter 3, open up opportunities to combine methods for significant control 
over TMD nanoribbon moieties. With the expansion of this method and the 
ability to carefully tune nanoribbon widths, future work may assemble bottom-
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5.1 Introduction 
One dimensional TMDs present unique physical properties not 
encountered in their two-dimensional cousins. The two primary forms of 1D 
TMDs, nanotubes and nanoribbons each present unique properties and 
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opportunities. For example, 1D TMD nanotubes exhibit chirality and radius of 
curvature dependent properties due to their cylindrical nature that are not 
present in nanoribbons.1–5 Nanotubes have seen applications in a variety of fields 
including catalysis, photodetection, electronics and other applications that take 
advantage of the useful and unique properties in nanotube morphologies. 4,6–8 
However, this work focuses on one-dimensional nanoribbons which do 
not host phenomena based on their curvature but do present unique properties 
due to their increased lateral confinement and prominent edge states that host a 
litany of attractive features. These edges can assume zigzag or armchair 
configurations that impart unique electrical or magnetic properties than 
compared to the other edge configuration.9–11 For example, theory has suggested 
that ultranarrow TMD nanoribbons are of metallic character, compared to the 
semiconducting and much larger domains of 2D TMD crystals, high 
thermoelectric performance, and more.9,12–16 Experimental work agrees that TMD 
nanoribbons possess features which are unique and useful to nanoribbon 
morphologies. One such phenomena is the observed crossover point due to 
changing width can be observed for metallic to semiconducting transition in 
TMD nanoribbons.17 
 Not just confined to electrical modification, magnetic properties may be 
influenced by the width of TMD nanoribbons. Previous calculations have 
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predicted rising ferromagnetism in 1T’ phase MoS2 nanoribbons due to edge 
reconstructions, with the magnitude of the magnetic moment dependent upon 
the width.9,13,15,18–23 Further, TMD nanoribbons may hold topological excitonic 
phenomena. More research into how defects, edges, and confinement affect 
physical phenomena is needed.  
As mentioned in the last two chapters, the goal of producing scalable 
TMD nanoribbons of high edge quality with tunability was and is a goal of the 
TMD community, especially to better understand the nascent work done recently 
to uncover particularly intriguing aspects of one-dimensional TMDs. As reported 
in the previous chapters, the Kempa group has designed a novel method to 
tackle the challenge in the search for 1D MoS2 and MoSe2 nanoribbons. However, 
the properties of these nanoribbons due to their restricted dimensionality needs 
to be examined. Nominally, 1D materials owe much of their differing physical 
characteristics compared to 2D cousins from their greater edge to basal plane 
ratio, narrow widths, and edge configurations. Understanding how our method 
influenced these parameters is key in understanding the applicability of this 
method towards technologically viable TMD nanoribbons. 
Previous work on 1D TMDs have utilized TMDs in the morphologies such 
as nanotubes and nanoribbons, with each imparting different physical 
properties. These properties include optical anisotropy due to their 
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morphological anisotropy, different electronic responses, and generation of high 
catalytic currents (Fig. 5.1).3,24,25 These applications have used both nanotubes and 
nanoribbon morphologies. Due to these myriad advantageous physical 
properties in one-dimensional TMDs, it behooves us to understand how bottom-
up grown planar MoS2 nanoribbon crystals behave. In this chapter, we explore 
physical characterization of nanoribbons created through the novel designer 
substrate method discussed in chapters 3 and 4. We investigate structure, phase, 





Figure 5.1. (a) Optical anisotropy in Raman signatures generated from incident 
light grazing the sample in different directions.25 (b) TMD 1D nanotubes and 
nanoribbons exhibiting transiting behavior that behave both different from their 
2D morphology and from each other.3 (c) Transmission electron micrograph 
showing a core-shell nanotube morphology with a TMD shell for catalytic 
stability and activity.24 (d) Plot showing current retention percentage and current 






5.2 Experimental Methods 
Aberration-Corrected (Cs) STEM 
Before Cs-STEM characterization, TEM grids were transferred to sample 
cartridges and then baked in a vacuum (<1 × 10–6 torr) at 120 °C for 14 h. Next, the 
sample cartridges were transferred to the microscope column with < 1 min 
exposure to ambient conditions. The Cs-STEM (Nion, UltraSTEM-200X) was first 
aligned and then aberrations were removed using a ‘standard’ sample of gold 
evaporated on carbon. After this alignment and Cs-correction step, the TEM 
grids containing 1D MoS2 crystals were inserted into the column for imaging. All 
images were collected using the microscope’s HAADF detector, with the 
microscope operating at 60 kV and correction taken to the fifth order and 
60 mrad. The STEM probe size was 130 pm. Shear transformation was performed 
by first estimating the coarse drift through measurement of distortion in the FFT 
(fast Fourier transform) pattern. Further refinement of the shear transformation 
matrix was performed by minimizing variance in the distances of the most 






Raman and PL Spectroscopy 
Micro-Raman scattering measurements were collected in a back-scattering 
geometry using a Horiba Jobin Yvon T46000 spectrometer equipped with a 
liquid N2-cooled charge-coupled device detector in a single monochromator 
configuration. The excitation source was an Ar+/Kr– coherent laser operating at 
514 nm and power of 1 mW. A ×50 objective lens was used. The laser probe size 
was ~2 μm. Raman spectra in the range 200–800 cm–1 were obtained using a 
spectral resolution of 2 cm–1. Photoluminescence spectra in the range 500–800 nm 
were obtained with a spectral resolution of 0.2 nm. Horiba’s proprietary DuoScan 
system was operated in stepper mode to map Raman and PL intensities within 
an area of interest encompassing <10 × 10 μm2. Using this acquisition mode, the 
laser probe size and spatial resolution were ~1 μm and the spectral resolution 
was 1 nm. Time-dependent measurements were also carried out using the 
DuoScan system. All measurements were performed at room temperature and 
ambient pressure. Peak positions were extracted from Gaussian fits to the raw PL 






2D Micro-PL Mapping 
Micro-PL measurements were conducted on 1D MoS2 crystals, which were 
transferred to SiO2 on Si substrates using the protocol described in Transfer of 1D 
MoS2 crystals to TEM grids, above. The samples were scanned with a 
continuous-wave green laser (λ = 532 nm), whose position over the sample was 
precisely controlled by a dual-axis scanning galvo system (Thorlabs). The PL 
signal was collected by a ×100/0.90 numerical aperture objective lens. The pump 
laser was excluded from the PL signal by a 532-nm high-pass filter. The collected 
PL signal was focused onto a single-mode fiber. A 50/50 fiber beam-splitter was 
used to direct the fiber-coupled light either to a spectrometer (Princeton 
Instruments, Acton SP2500) with a 300 lines mm–1 grating and silicon charge-
coupled device or to the avalanche photodiode. Photoluminescence spectra were 
integrated over 5 min. 
Near-Field PL Mapping 
Near-field PL mapping was performed using an OmegaScope-R SPM 
(AIST-NT, now Horiba Scientific) coupled to a LabRAM HR Evolution Raman 
Spectrometer (Horiba Scientific). An Ag-coated OMNI-TERS probe covered by a 
protective layer (Horiba Scientific) was employed for near-field PL imaging. The 
samples were scanned with a laser, λexcitation = 633 nm, with the power on the tip 
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being maintained at ~500 μW. The PL map in Fig. 5.11 (a) was obtained using a 
grating with 100 lines mm–1 and an integration time of 1 s per pixel. The PL 
spectra in Fig. 5.12 (b) were obtained using a grating with 600 lines mm–1 and an 
integration time of 5 min. 
Crystal Transfer 
One-dimensional MoS2 crystals were transferred to SiO2/Si substrates as 
follows. A PMMA (MicroChem, C6 resist) layer was deposited on a Si substrate 
containing as-grown 1D MoS2 crystals by spin-coating at 4,000 r.p.m. for 40 s. The 
crystals were released from the Si substrate by etching in KOH solution for 
several hours at 70 °C. The 1D MoS2 crystals remain adhered to the PMMA film 
as it floats on the surface of the KOH solution. This PMMA film, with attached 
crystals, was transferred to a dish of deionized water for rinsing, then transferred 
again to the device substrate (SiO2/Si) and finally completely dried. Once dry, the 
PMMA layer was selectively removed by dipping the device substrate in acetone 
for 10 min. 
Field Effect Transistor (FET) Fabrication 
Electrical contacts (Ti (adhesion layer), 5 nm; Au (contact layer), 50 nm) 
were patterned over the 1D crystals by electron-beam lithography and then 
deposited through thermal evaporation. First, a PMMA (C6) layer was deposited 
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over the device substrates containing the 1D crystals by spin-coating at 
4,000 r.p.m. for 40 s. The resists were subjected to baking at 280 °C for 150 s after 
the coating step. The contact patterns were defined by electron-beam lithography 
(JEOL, JSF-7001F) followed by resist development and rinsing in methyl isobutyl 
ketone and isopropyl alcohol for 90 and 30 s, respectively. A 5-nm-thick Ti 
adhesion layer followed by a 50-nm-thick Au layer was deposited by thermal 
evaporation. Residual metal lift-off was performed in acetone over 10 min. 
Atomic Force Microscopy (AFM) 
The height and topography of both 1D and 2D MoS2 nanocrystals were 
measured on a Keysight 5500 AFM using an Al-coated Si probe tip (TAP190AL-
G-10). AFM imaging was carried out in non-contact mode to prevent damage to, 
and unintentional displacement of, the atomically thin crystals during scanning. 
AFM raw images (.mi) were processed in Gwyddion 2.51. A second-order 
polynomial correction was applied to subtract background noise in the raw 
image. A three-point levelling with an averaging radius of five pixels was 
applied to correct for a linear offset across the whole image. 
X-Ray Photoelectron Spectroscopy (XPS) 
A sample of as-grown 1D MoS2 crystals was analyzed in a PHI 5600 
system under ultra-high-vacuum conditions (<10–8 torr). A Mg-Kα source 
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(1,253.6 eV) operating at 300 W and 15 kV was used to generate X-rays. The 
kinetic energy (in eV) of the ejected photoelectrons was measured using a 
hemispherical energy analyzer operating at a constant pass energy of 58.7 eV. 
The spot size of the incident X-ray beam was 0.8 × 2.0 mm2. The step-size of the 
measurement was 0.125 eV. The relative atom percentage concentration of the 
constituent elements was analyzed by taking into account the atomic sensitivity 
factors for the X-ray source inclined at 54.7°. 
Transfer of 1D MoS2 crystals to TEM grids 
One-dimensional MoS2 crystals grown on PH3-treated Si substrates were 
transferred to TEM grids as follows. Spin-coating (spin speed, 2,500 r.p.m.; spin 
time, 60 s; acceleration time, 5 s) was used to deposit a layer of poly(methyl 
methacrylate) (PMMA;Sigma-Aldrich, MW ~996,000) over the 1D MoS2 crystals 
residing on their Si–Px growth substrates. The PMMA-coated sample was then 
baked at 135 °C for 15 min and transferred face-up onto the surface of a 1-M 
KOH solution. The solution was heated to, and maintained at, a temperature of 
60 °C. After ~ 2 h, complete etching by KOH of the underlying Si substrate 
allowed the PMMA film to delaminate and float on the surface of the solution. 
The majority of the 1D MoS2 crystals remained adhered to the PMMA film. The 
delaminated PMMA film was washed several times with de-ionized water by 
transferring it between beakers. Next, the PMMA film was extracted onto the 
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surface of a TEM specimen support grid (Quantifoil substrate, 658-300-AU, Ted-
Pella) by holding the grid with a pair of fine inversion tweezers and using it to 
gather the floating PMMA film onto it. The TEM grid sample was allowed to dry 
in air. Special care must be taken during the extraction step to minimize damage 
to the atomically thin 1D MoS2 crystals. Finally, the TEM grid was placed in a 
furnace and annealed at 450 °C for 4 h under an Ar atmosphere. This step is 
effective at removing PMMA without distorting the original morphology of the 
MoS2 crystals. 
Transistor Property Measurement 
The fabricated FET devices were mounted to an x–y-translation stage, 
which is part of our home-built device characterization micro-probe station. The 
substrate back-side gate electrode was connected using silver paste. The devices 
were connected via Au-plated W probes and triax cables to an ultra-low-noise 
semiconductor parameter analyzer (Agilent, 4156C). The device drain current 








Scanning electron micrographs show a straight edge structure of MoS2 
nanoribbons with low-magnification images are shown in Fig 5.2. These 
nanoribbons offer pristine edge structures and confined dimensions to study 
various phenomena. 
 
Figure 5.2. Gallery of high magnification scanning electron micrographs 
depicting several single MoS2 nanoribbons. Crystals exhibit uniform width along 




Regions of interest on these samples can yield high amount of sample of a 
relatively narrow distribution of nanoribbons as discussed more explicitly for 
MoSe2 nanoribbons in chapter 4. Several candidate micrographs are shown under 
high magnification (Fig. 5.2). However, some conditions upset the straight, high-
quality edges exhibited in most of the nanoribbons as discussed in chapters 3 and 
4. Occasionally, tapered nanoribbons are derived from the synthesis of majority 
smooth edge candidates (Fig. 5.3). 
 
Figure 5.3. Scanning electron micrographs demonstrating tapering effects 




The cause of this tapering in samples without significant H2 driven surface 
reduction, as is the case with MoS2 nanoribbons in chapter 3, is not yet known 
but likely is affected by the surface configuration of the P-containing. Deviation 
from the ideal structure is noted at narrower nanoribbons in the case of MoSe2 
nanoribbons as discussed in chapter 4. As can be seen in Figure 5.3, a high 
magnification image shows that the overall structure, while consistently smooth 
edged, undergoes inconsistent edge to edge width along its length with several 
terraced points of tapering throughout the crystal. Though this is unfortunate for 
consistency, it may be an avenue to achieving ultra-narrow nanoribbons and just 
as importantly allows us to study width-dependent phenomena on a single 
nanoribbon moiety. MoSe2 nanoribbons exhibit similar smooth edge 
characteristics as shown in Fig. 4.5. However, this incidence of tapering profiles 




Figure 5.4. (a) Raw (left) and FFT-filtered (right) atomic resolution High angle 
annular dark field imaging (HAADF)-STEM images of a 1D MoS2 nanoribbon 
sample. Scale bars, 5 Å. (b) HAADF intensity line scan across a row of atoms 
from the boxed region in (a). Illustration showing where the boxed region in (a) 
arrives in a lattice of MoS2. 
 
The one-dimensional MoS2 nanoribbons show a 2H phase as 
demonstrated by high resolution STEM imaging (Fig 5.4). The hexagonal lattice 
shown in these data demonstrate a 2H phase MoS2 material.26 Integration of the 
STEM-HAADF intensity over a row of atoms in this lattice along the <1010> 
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direction shows a 2 to 1 ratio between adjacent atomic pairs. These patterns are 
consistent with Z-contrast exhibited from 2D 2H phase MoS2 found previously. 
Additionally, we note the majority of nanoribbons synthesized are of 
monolayer quality. An atomic force micrograph demonstrates a height of ~ 1.1 
nm, which is indicative of monolayer MoS2 formation (Fig 5.5). The surface 
roughness shown by the atomic force micrograph is much lower than expected 
on a purely SiO2 substrate. This atomic force microscopy result shows that there 
are most likely no multi-layer growth from the genesis point of the nanoribbon 
or any unreacted oxides on the nanoribbons. 
 
Figure 5.5. (a) Atomic force micrograph of a MoS2 nanoribbon depicting a 
monolayer quality material. Scale bar, 250 nm. (b) 3d rendering of the profile 




STEM images also display an exceptionally phase pure material which 
possess extremely few defects (Fig 5.6). Fast Fourier transform patterns show a 
highly crystalline material of hexagonal structure that is indicative of MoS2. 
Additionally, we note the mechanical flexibility of these nanoribbons as Fig. 5.6 
demonstrates a one-dimensional moiety stretching across a grid holder and 
maintaining integrity as a 2H-MoS2 crystal. Further, particular interest in almost 





Figure 5.6. (a) Low-magnification scanning tunneling electron micrograph of a 
MoS2 nanoribbon suspended over a hole on a grid. Scale bar, 100 nm. (b) 
HAADF-STEM image taken on the yellow boxed region in (a). Scale bar, 2 nm. 
Insets: (left) FFT-filtered image of the raw lattice data encompassed by the inset; 
(right) FFT of the raw lattice data shown in this panel, demonstrating highly 
crystalline quality.  
 
High-resolution STEM images show zigzag edge configuration which is 
consistent with the majority of 2D TMDs and other 1D TMD nanoribbons that 
have not been specifically targeted for different edge structures (Fig 5.7).27–29 
These zigzag edges have been theorized and experimentally tested to be 
attractive features for electronic, optical and magnetic applications.30–34 An 
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important parameter in assigning quality to the morphology of the edge 
structure is the edge deviation along a nanoribbon’s length. The high quality of 
the edge character in these nanoribbons terms of its spatial edge variation is 
equal to or better than top-down fabrication methods and comparable to 2D 
MoS2, with edge deviation no greater than 5 nm (Fig 5.7).35–38 These near pristine 
edges may allow this technique to supersede other techniques as an avenue in 
construction of viable devices where edge fidelity is a crucial metric. Further, the 
folded edge exhibited Moire interference patterns with the underlying section of 
nanoribbon that the edge folded over. These Moire interference patterns are 
known to afford great control over excitonic characteristics in 2D materials as 
seen previously.39–44 Those breakthroughs may be translated to TMD nanoribbons 
constructed through this method in the future. It is important to note, however, 
that it is unclear if the folded edge occurred due to mechanical strain during the 
transfer process to a grid suitable for transmission electron microscopy imaging 
from its growth substrate or if there was a natural folding process during the 
reaction. At present it seems unlikely that this folding occurred during the 
synthesis, but the pristine native edge quality does afford opportunities to 
specifically tailor or functionalize nanoribbons in the future to engage in 




Figure 5.7. (a) HAADF-STEM image of a native edge of a MoS2 nanoribbon. Scale 
bar, 2 nm. (b) HAADF-STEM image of a folded edge of a MoS2 nanoribbon. Scale 
bar, 2 nm. 
 
These bottom-up grown materials also demonstrate remarkable optical 
properties. First, Raman spectra indicate a monolayer quality for the 2D MoS2 
due to a A1g and E2g Raman mode separation of ~ 19 cm-1 (Fig 5.8).45–47 However, 
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the one-dimensional MoS2 nanoribbon assayed here possesses a Raman peak 
separation of ~ 24 cm-1 indicative of a 4-layer thick MoS2 nanoribbon.48 2D MoS2 is 
known to have a PL emission peak around 680 nm. However, there is a 
demonstrable 50 meV blue shift in the PL emission compared to the 2D variant in 
these MoS2 nanoribbons (Figure 5.8).49–52  
 
Figure 5.8. Photoluminescence and Raman spectra for 1D MoS2 (blue, top), 2D 
MoS2 (red, middle), and the Si-Px substrate (brown, bottom). Photoluminescence 
spectra is blue shifted in the 1D MoS2 nanoribbon ~ 60 meV relative to the 2D 
spectrum. Raman signatures show monolayer quality in both materials. The Si-Px 




Further, the brown trace in Figure 5.8 shows the lack of PL emission from 
the Si-Px surface without any crystals grown on it. This precludes the surface 
exhibiting a strong PL emission that contributes to the shift. Though the neutral 
A exciton or the negative A- trion has been shown to shift in response to crystal 
dielectric environment, it is unlikely that is the cause of this PL shift because the 
PL shift was observed both on 1D crystals grown on neat Si-Px substrates and 
after transferring to clean SiO2 substrates.51,53–56 Notably, the PL intensity does not 
significantly attenuate in the same way as 2D MoS2. PL intensity in 1D MoS2 
remained relatively constant up to 4 layers. This finding indicates a differing 
emission mechanism than encountered from MoS2 2D monolayers which have 
rapid attenuation of PL intensity when materials have greater than 1 layer.57 We 
also note that the peak positions of the 1D crystal and its intensity were relatively 
unchanged as spectral measurement was taken over 10 minutes. The emissive 
properties of these nanoribbons are both gradual and consistently correlated to 
width changing. For example, a tapered nanoribbon shows three distinctly 
different peak PL emission energy as a function of nanoribbon width as 
discussed later. We note that although it is unlikely to be the cause of all of the 
blue-shifted PL, strain in low-dimensional TMDs has caused shifts in spectral 
response.58–62 However, as the nanoribbons exhibit the same magnitude PL shift 
for neat and transferred samples it is unlikely this is a major factor in the PL shift. 
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To confirm that this PL shift was due to the changing dimensionality and 
not chemical composition, STEM-EELS spectra were taken as shown in Fig. 5.9. 
This EELS spectrum shows two key features. First, The Mo and S edges are 
commensurate with previously reported two-dimensional MoS2 EELS spectra 
acquired.63 More importantly, however, is that we can discount P atoms 
incorporating into the lattice of the MoS2 nanoribbon and thus disrupting or 
altering the structure and leading to new optical properties (Fig 5.9).  
 
 Figure 5.9. Electron energy loss spectroscopy (EELS) spectrum depicting Mo, S, 
and P edges of a MoS2 nanoribbon. No P 2p edge signal is detected suggesting there is 




This width dependance on PL energy in MoS2 nanoribbons grown via 
bottom-up methods is novel but not unprecedented. Bao et al. demonstrated that 
in 2D monolayer regions there exists ‘edge’ regions up to 300 nm that exhibited 
anomalous small optical shifts compared to the interior of the material (Fig. 
5.10).64 Additionally, the intensity of the edge regions was significantly 
attenuated compared to the interior of the 2D flake. 
 
Figure 5.10.64 Nano photoluminescence images of emission intensity and spectral 
median of a single domain of monolayer MoS2. Images depict different emission 
intensities and a shift in spectral median in an edge region ~ 300 nm wide. Scale 
bars, 1 μm. 
 
When comparing this result to our nanoribbons, where the entire edge-to-
edge width is on the same order of magnitude as the ‘edge’ region exhibited in 
the prior 2D work, it is likely that new edge-mediated optical emission pathways 
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become available in a similar manner to the edge region of 2D TMD crystals. The 
interior of the 2D crystals likely emit at defect centers within the crystals as the 
lifetimes of the exciton is insufficient to reach the edge in a large 2D crystal.65–69 
However, in our 1D nanoribbon of relatively narrow width, the entirety of the 
excitons can possibly reach the edge of the nanoribbon for new optical pathways. 
In 2D morphologies, PL emission attenuates rapidly after the monolayer limit to 
bulk-like (none) PL at tri or quad layers. However, we see the robustness of the 
PL emission in these nanoribbons compared to their 2D cousins. This reinforces 
the idea that novel emissive pathways dominate at relevant widths of 
nanoribbons synthesized using the designer surface method.  
To further investigate the photoluminescent properties of the MoS2 
nanoribbons, we turned to far field PL mapping of both 1D nanoribbon and 2D 
triangular moieties (Fig. 5.11). In these data we note that the emissive energies 
exhibited by the 2D flake was relatively constant across its area. This is not 
opposing the data seen in Fig. 5.10, but the technique used here was coarser and 
edge effects were not well resolved. In the 1D moiety we note a changing 
emission energy as a function of width down the length of the nanoribbon. 
Particularly in Fig. 5.11 (b), a tapered nanoribbon was examined in the PL 
mapping as shown and had 3 different spot PL scans taken at different points in 
its width. The spectral data clearly demonstrates that the shift in the PL spectra is 
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gradual with the changing nanoribbon width, indicating reduced dimensionality 
is the cause of the initial PL shifts seen in Fig. 5.8. 
 
Figure 5.11. (a) Photoluminescence mapping (right) of both 1D and 2D MoS2 
moieties. Photoluminescence spot scans (left) taken at points denoted by the 
circle in the right images. Scale bars, 2 μm. (b) Photoluminescence mapping 
(right) of successively narrower portions of a tapering nanoribbon. 
Photoluminescence spot scans (left) taken at points denoted by the circle in the 





Figure 5.12. (a) Near field scanning optical (NSOM) map of a tapered nanoribbon 
that show consistent emission energy across its width. Scale bar, 100 nm. (b) Two 
spot scan photoluminescence measurements taken at the points denoted by the 
green and blue crosses, respectively.  
 
However, far-field PL is a relatively coarse method in assigning 
differences between edge and interior regions when the dimensionality of the 
material is limited, as in this case. Spot sizes in the far field PL mapping 
approach 500 nm in diameter, thus limiting the ability to investigate how the 
MoS2 nanoribbons behave at narrower limits as the entirety of the far-field probe 
consumed the whole width of the nanoribbon at the narrowest regimes as seen in 
spot 3 in Fig. 5.11. To further probe this PL dependence on width phenomenon 
and ascertain whether the nanoribbon exhibited uniform emission or if the edges 
deviated from the interior, as shown in large 2D flakes, we utilized near field 
scanning optical microscopy techniques. Figure 5.12 shows the near field 
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microscopy map of the end of a tapered nanoribbon area of a width ~ 200 nm. 
Notably, the emission energy is still around ~ 660 nm for the nanoribbon as a 
whole, but importantly has uniform emission across the width of the nanoribbon. 
The resolution of the NSOM method employed was ~ 20 nm and each step is in 
line with the same emission wavelength. Additionally, spot scans at the very tip 
of the nanoribbon where the width is narrowest shows a commensurate emission 
energy as the 200 nm width region. This may indicate that there is a limit to the 
dimensionally instigated shift in the PL energy.  
To further probe the optical deviation from the 2D variants, we wanted to 
explore other TMD compositions to confirm that this phenomenon was not 




Figure 5.13. (a) Photoluminescence and Raman spectra of 1D MoSe2 (top, blue) 
and 2D MoSe2 (bottom, red). Raman spectra show a similar MoSe2 A1g signature. 
Photoluminescence emission is shifted ~ 50 meV in the 1D MoSe2 with respect to 
its 2D variant.  
 
Figure 5.13 shows PL spectra of 2D and 1D MoSe2 nanoribbons where we 
note the same trend in a blue-shifted emission of ~ 60 meV from the 2D 
monolayer to 1D nanoribbon.50,52,70,71 This was done on a sample of on average 400 
nm width MoSe2 nanoribbons. The MoSe2 nanoribbons assayed here appear to be 
of monolayer quality due to the peak position of their A1g Raman mode at ~ 240 
cm-1.46,52,72,73 Since this optical behavior holds across different TMD compositions, 
the optical phenomena most likely is occurring due to the change in 
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dimensionality. Further optical control may be exhibited by ultra-narrow (< 20 
nm) nanoribbons constructed with this method.      
Electronically these materials exhibit different properties from the 2D 
variants as well. While device processing of these materials is not as trivial as 
large 2D sheets, Au contacts were deposited onto the substrate with a Ti 
adhesion layer. The electronic response for a field effect transistor configuration 
was consistent with expectation. Figure 5.14 shows a I-V characteristic as several 
different source-drain voltages. These characteristics show a modest 
performance in drain current as a function of voltage, however, the ability to 
exhibit transistor behavior in these dimensionally restricted materials differently 
than commensurate 2D materials shows there is opportunity to tune 1D 




Figure 5.14. Electronic response of a MoS2 nanoribbon between two Au contacts 
exhibiting field effect transistor behavior. Five Id-Vbg transfer characteristics were 
obtained for source-drain biases of 2, 4, 6, 8, and 10 V. Inset: High resolution 
scanning electron micrograph image of the 1D MoS2 nanoribbon field effect 
device.  
 
In this work we identified several attributes of MoS2 and MoSe2 
nanoribbons including optical, electrical, and physical properties. Notably, these 
nanoribbons exhibit high quality edges, a notable, blue-shifted 
photoluminescence emission, and optical resiliency to multiple layers not seen in 
2D TMDs. These properties may lead to TMD nanoribbons gaining traction as a 
material system for a wide array of useful technological applications. Further, the 
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future application of vertical heterostructures fabricated out of TMD 
nanoribbons offers opportunities to probe the effect of confinement in 
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